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ABSTRACT
We present a 30 - 50 GHz survey of Sagittarius B2(N) conducted with the Australia
Telescope Compact Array (ATCA) with 5 - 10 arcsec resolution. This work releases the sur-
vey data and demonstrates the utility of scripts that perform automated spectral line fitting
on broadband line data. We describe the line-fitting procedure, evaluate the performance of
the method, and provide access to all data and scripts. The scripts are used to characterize
the spectra at the positions of three HII regions, each with recombination line emission and
molecular line absorption. Towards the most line-dense of the three regions characterised in
this work, we detect ∼500 spectral line components of which ∼90% are confidently assigned
to H and He recombination lines and to 53 molecular species and their isotopologues.
The data reveal extremely subthermally excited molecular gas absorbing against the con-
tinuum background at two primary velocity components. Based on the line radiation over
the full spectra, the molecular abundances and line excitation in the absorbing components
appear to vary substantially towards the different positions, possibly indicating that the two
gas clouds are located proximate to the star forming cores instead of within the envelope of
Sgr B2. Furthermore, the spatial distributions of species including CS, OCS, SiO, and HNCO
indicate that the absorbing gas components likely have high UV-flux.
Finally, the data contain line-of-sight absorption by ∼15 molecules observed in translu-
cent gas in the Galactic Center, bar, and intervening spiral arm clouds, revealing the complex
chemistry and clumpy structure of this gas. Formamide (NH2CHO) is detected for the first
time in a translucent cloud.
Key words: astrochemistry – ISM: HII REGIONS – ISM: MOLECULES – RADIO LINES:ISM
– STARS: FORMATION – TECHNIQUES: INTERFEROMETRIC – ISM:INDIVIDUAL (SAGIT-
TARIUS B2)
1 INTRODUCTION
The complex high mass star forming region Sagittarius B2 (Sgr
B2) is a uniquely interesting source for studying star formation
and molecular chemistry. Sgr B2 is an exceptionally massive cloud
complex at ∼3×106 M (de Vicente, Martin-Pintado & Wilson
1996), an order of magnitude higher than most star-forming Gi-
? jfc2113@gmail.com
ant Molecular Clouds, and is in the Central Molecular Zone of
the Galactic Center, where widescale shocks and supersonic tur-
bulence are observed to be nearly ubiquitous (Martı´n-Pintado et al.
2001; Martı´n et al. 2008). Furthermore, the region has an excep-
tionally high X-ray flux (Terrier et al. 2010), cosmic ray ionization
rate (van der Tak et al. 2006), and magnetic field strength (Crutcher
et al. 1996), making it an exceptional case of star formation that
is perhaps more similar to the central regions of starburst galaxies
than it is to most star forming regions in the Galaxy. In fact, the
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star formation rate in Sgr B2 qualifies the region as a mini-starburst
(Belloche et al. 2013).
Sgr B2 has a complex physical structure with more than 50
known extended, compact, ultra-compact, and hypercompact HII
regions embedded in an extended envelope of molecular, atomic,
and ionized gas (Gaume et al. 1995; Goicoechea, Rodrı´guez-
Ferna´ndez & Cernicharo 2003; Jones et al. 2008). Most of the star
forming activity in the region is concentrated in the North, Main,
and South cores. The three cores of star formation have a vLSR of
∼55 - 70 km s−1, and the star formation is thought to be triggered
by the collision of a cloud of gas at∼80 - 90 km s−1 with the main
body of Sgr B2 at ∼40 km s−1 (Hasegawa et al. 1994; Sato et al.
2000). Possible ejecta from Sgr B2 have been identified via line-
of-sight molecular absorption at 0 - 20 km s−1, although recent
observations indicate that this may correspond to a more extended
feature across the Galactic Center (Wirstro¨m et al. 2010; Jones et al.
2012; Royster & Yusef-Zadeh 2014). Additional foreground com-
ponents of molecular gas associated with the Galactic Center and
spiral arms are similarly observed in line-of-sight absorption to-
wards Sgr B2 (Greaves & Nyman 1996; Gerin et. al 2010 and ref-
erences therein).
Towards the North core of Sgr B2 (Sgr B2(N)), the focus of
this study, continuum emission is produced by a complex of HII re-
gions, as observed and discussed in Gaume et al. (1995). Two ∼10
arcsec (= 0.4 pc) concentric shell-shaped regions – K5 and K6 – are
thought to be expanding ionization fronts (Figure 1). To the NW of
these, the more compact region K4 is thought to be a similar sys-
tem at an earlier stage of development. Three sub-arcsecond cores
of continuum emission – K1, K2, and K3 – are located to the SW
of K5 and K6. Finally, a cometary HII region, L, is located ∼35
arcsec NE of the North core.
Molecular gas is observed in the foreground of the HII regions
and in extended material surrounding the cores (Hu¨ttemeister et al.
1995; Jones et al. 2008). Additionally, the Large Molecule Heimat
(LMH) is a ∼5 arcsec region surrounding K2 that is continuum-
free at radio wavelengths, but bright in submillimeter continuum
(Miao et al. 1995; Qin et al. 2011). The LMH is a hot core that is
home to the most diverse molecular chemistry observed in the ISM,
and a significant fraction of the molecular lines detected towards
the LMH remain unidentified (Belloche et al. 2013). In addition
to the LMH, Sgr B2(N) has a second hot core named “h” (Bel-
loche et al. 2013). The “h” region is located on the K5 shell and
was first identified as a quasi-thermal methanol core (Mehringer &
Menten 1997). Like the LMH, “h” produces submillimeter contin-
uum emission (Qin et al. 2011) and line emission by many complex
organic species, including the first branched alkyl species detected
in the ISM (Hollis et al. 2003; Belloche et al. 2013, 2014).
Sgr B2 has been targeted by spectral line surveys from cen-
timeter to sub-millimeter wavelengths (Turner 1989; Nummelin et
al. 1998; Neill et al. 2012; Belloche et al. 2013; Neill et al. 2014),
however, most surveys have been conducted with single dish tele-
scopes at frequencies > 80 GHz. At these frequencies, there is sig-
nificant line confusion (a single feature can be assigned to multiple
possible known or yet unknown carriers) and line blending (a sin-
gle feature consists of multiple transitions of known molecules), as
the data are line confusion limited rather than noise limited. On the
other hand, data are noise-limited at centimeter wavelengths, with
significantly less line confusion and blending, enabling more con-
fident line identifications and measurements of spectral line param-
eters (i.e. shape, velocity, width, and flux) (McGuire et al. 2012).
In Sgr B2 and other sources with chemical variation on size
scales smaller than the beam of a single dish telescope, interfero-
metric observations are critically important for understanding the
chemical environments. Observing the same portion of the spec-
trum with both an interferometer and a single dish telescope pro-
vides sensitivity to weak lines in extended gas (single dish) and
resolves fine spatial variations to distinguish chemically distinct
regions (interferometer). In molecule-rich sources, interferometric
observations can also help to mitigate line confusion and blend-
ing, as lines from different molecules can peak at distinct positions.
This further enables interferometric observations to be useful for
demonstrating that multiple lines originate from a common molec-
ular carrier, particularly for weak features (sub-100 mK) produced
by species with low abundance, low dipole moments, or high parti-
tion functions.
To date, only a few molecular lines mapped with the spa-
tial resolution required to distinguish the distinct chemical envi-
ronments in Sgr B2(N) have been published (Liu & Snyder 1999;
Hollis et al. 2003; Belloche et al. 2008). With the arrival of broad-
band radio interferometers including the Australia Telescope Com-
pact Array (ATCA) with the CABB backend, the Karl G. Jansky
Very Large Array (VLA), and the Atacama Large Milimeter Array
(ALMA), interferometric line surveys are now efficient, providing
access to the spatial distributions of hundreds of molecular lines
within a reasonable observing time. With the new wealth of infor-
mation available, however, come new challenges in data analysis
that require automated methods. To date, these are not adequately
developed, and large scale efforts to provide improved visualization
and analysis tools for rich spectral line data cubes are underway
(Teuben et al. 2013).
In this work, we describe a 30 - 50 GHz spectral line survey
conducted with the ATCA. The survey provides detailed informa-
tion on chemical differentiation in Sgr B2(N), the most extensive
catalog of radio recombination lines collected with an interferome-
ter, and novel information on the structure and molecular content of
clouds observed in the line-of-sight to Sgr B2. The survey serves as
a pathfinder for a planned science verification project with ALMA
Band 1 (35-50 GHz), presently being developed, and showcases
methods that will be useful for this and other future projects. We
describe the observations (§2), present an automated line fitting and
identification routine (§3), and apply the algorithms to selected re-
gions of the Sgr B2(N) complex (§4). In §5, we characterise the
molecular gas and highlight the distributions of a few molecular
species showing distinct morphologies. We focus specifically on
line identifications and parameter fitting towards K6, K4, and L,
and do not provide full line identifications towards the LMH and h.
The primary aim of this work is not to perform a complete spectral
line analysis but rather to test the functionality of the fitting rou-
tine on regions that show line absorption and emission at multiple
velocity components. The type of data analysis routines described
will be essential for characterizing and analyzing the spectra of
complex molecular line sources at higher frequencies. Furthermore,
we release all data and routines to the community to facilitate more
complete analyses on the many projects that the data set enables.
2 OBSERVATIONS
2.1 Telescope Configurations
The observations were conducted with the Australia Telecope
Compact Array (ATCA) with the Compact Array Broadband Back-
end (CABB) (Wilson et al. 2011) in broadband mode (CFB 1M-
0.5k), providing two simultaneous spectra with 2048 channels of
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1MHz width. Eleven different tunings with a separation of 1.85
GHz were required to cover the full 30 - 50 GHz range available
with the 7 mm receiver (Table 1). The 1 MHz channels provide
a velocity resolution of 10 - 6 km s−1 from 30 - 50 GHz. Even
given the broad linewidths in Sgr B2, the spectral resolution is sub-
optimal, so that lines may not be Nyquist sampled. However, the
broadband mode of the CABB was selected as it makes a line sur-
vey over the whole 7 mm band feasible within a relatively short
observing time.
The observations were made in three ∼8 hour sessions in
2011 October and 2013 April, with hybrid arrays H75 and H214,
respectively, as shown in Table 1. In each session, two pairs of
tunings were observed, and the 43.70 GHz tuning was repeated
in each configuration. The H214 hybrid array enables good (u,v)-
coverage of Sgr B2(N), providing sufficient resolution to separate
the LMH from the shell-shaped HII regions without losing signifi-
cant surface-brightness sensitivity. The H75 array is more compact
than ideal but this is somewhat countered by using this array for
the highest frequency tunings. Resulting angular resolutions, rang-
ing from 3.4 to 13 arcsec are provided in Table 2.
The telescope was pointed towards Sgr B2(N) at α =
17h47m20.s4, δ = −28◦22′12′′ (J2000). We observed a cycle of
one minute on the complex-gain calibrator (1714-336), ten min-
utes on source, one minute on the gain calibrator with one pair of
tunings (A1 and A2 in Table 1) and then repeated the calibrator-
source-calibrator cycle with the second pair of tunings (B1 and B2).
The telescope pointing was updated approximately every hour to-
wards the gain calibrator. Uranus and 3C 279 were observed as the
primary flux and bandpass calibrators respectively.
2.2 Data Reduction
The raw data were reduced into calibrated data cubes using mostly
standard techniques of bandpass, absolute flux, and complex gain
calibration in the MIRIAD package (Sault, Teuben & Wright 1995).
To produce continuum-free line data, the continuum was subtracted
in the (u,v)-domain and the fitted continuum was output into sep-
arate files. A single continuum image was generated from each of
the three observing sessions and deconvolved with the CLEAN al-
gorithm. The CLEAN model was input to determine a phase-only
self-calibration solution, which was then applied to the line data
and the continuum data. A final continuum image was generated
using the CLEAN algorithm from the 7.5 GHz bandwidth data ob-
tained in each observing session.
As this is among the first spectral line surveys completed with
a broadband interferometer, we highlight our method for baseline
subtraction and challenges for bandpass stability. We performed
baseline subtraction using the MIRIAD task UVLIN, generating a
linear fit to the baseline of each 2 GHz tuning in the (u,v)-domain.
The continuum images were generated from the continuum solu-
tions output by UVLIN. Because Sgr B2 has a very high line density
and because it is difficult to define line-free channels in the (u,v)-
domain, we only excluded channels covering strongly masing lines
from the fit. As very strong lines covered a small fraction of the
bandwidth of each image, this had a very small effect on the contin-
uum subtraction, resulting in a ∼1 mJy/beam offset that is <0.1%
of the continuum level. Such a small effect might be deemed negli-
gible in most data sets, however given the sensitivity of this data, it
is non-negligible.
A larger effect was noticed in the form of a baseline wiggle
in the images with a maximum amplitude of <1.5% of the contin-
uum strength. This resulted from a limited bandpass stability due
to the very large bandwidth in each tuning. The bandpass shape is
quite complex, and while the selected bandpass calibrator was very
strong (∼25 Jy), the strong continuum of Sgr B2 (∼1 Jy) made
it difficult to model the continuum to the dynamic range (about 3
orders of magnitude) required. Furthermore, the continuum posi-
tions of Sgr B2(N) and (M) are the positions that contain most of
the molecular line features, so that the residual continuum prefer-
entially affected areas that are important for the line study.
To correct for these effects, we applied a continuum correction
to the data in the image domain. Lines were masked at the 3σ level,
and each 2 GHz cube was fitted with a high order polynomial to
make a baselevel offset spectrum which was subtracted from the
data cube. We note further processing of the baseline applied to the
published spectra in §3.1.
We note that the CABB flagged a consistent set of channels
in each observation. In the publically released images, in which
the first and last 50 channels of each 2 GHz wide module are cut,
the zero-indexed channels affected include channels 0, 1, 78, 106,
206, 462, 590, 718, 974, 1102, 1126, 1230, 1358, 1486, 1742,
1870, and 1947. All data cubes and continuum images are avail-
able at the CDS database(Genova et al. 1995) via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-
strasbg.fr/viz-bin/qcat?J/MNRAS/. The continuum-subtracted data
cubes provided do not have a primary beam correction applied.
Models for the ATCA primary beam can be computed from in-
formation provided on the ATCA documentation, or by correspon-
dence with the authors.
3 AUTOMATED SPECTRAL LINE FITTING AND LINE
IDENTIFICATION
3.1 Sources and Spectrum Extraction
The ATCA line survey contains of order a thousand spectral lines
with significant spatial and kinematic structure. In order to handle
the wealth of information in the dataset, we extracted mean spec-
tra from elliptical regions placed over physically distinct regions of
Sgr B2(N), transforming a 3-d problem into a set of 1-d problems.
We extracted spectra over the entire 29.8 - 50.2 GHz bandwidth
from a radio continuum peak along the K6 shell-shaped HII region,
the cometary HII region L located 35 arcsec NE of Sgr B2(N),
and the LMH hot core. In the higher spatial resolution section of
the spectrum (from 29.8 - 44.6 GHz due to the observed config-
urations), we additionally extracted mean spectra towards K4 and
“h”. Figure 1 shows the elliptical regions from which the spectra
were extracted and Table 3 reports their positions. Note that we did
not vary the size of the elliptical regions in different images de-
pending on the beam size. The elliptical regions are typically larger
than the beam sizes in the high spatial resolution data (from 29.8 -
44.6 GHz), but smaller than the beam sizes in the low spatial res-
olution data observed with the compact array configuration (from
44.6 - 50.2 GHz). The spectra are sensitive to the spatial resolution;
for example, low spatial resolution data towards the K6 elliptical
region includes flux originating on the K5 shell and in the LMH
as the regions are poorly resolved. In the case of the spatially iso-
lated source L, the elliptical region from which the spectrum was
extracted is similar to the source size of L and well matched to the
∼5 arcsec beam size of the high spatial resolution data (Gaume et
al. 1995). In the low spatial resolution data, the flux is spread over
the larger beam, which has the effect of decreasing the flux in the
low spatial resolution section of the spectrum.
c© 2015 RAS, MNRAS 000, 1–30
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After extracting spectra, we interpolated over bad spectrome-
ter channels listed in §2.2 using linear interpolation, and performed
additional baseline smoothing by applying a Hodrick-Prescott fil-
ter to remove a low frequency baseline wiggle (Hodrick & Prescott
1997). Figure 2 shows the baseline with and without the Hodrick-
Prescott filter applied. A Hodrick-Prescott filter is a commonly
used tool for removing long-term growth trends from economics
data and is similar in function to a high-pass filter. It is simple to
implement and proved a useful means of removing residual base-
line without degraded results at the band edges. We used a modi-
fied version of the HP filter, as described in Schlickt (2008), that
can use datasets with segments of missing data. This was useful
in order to extrapolate over spectral lines, particularly over broad
spectral lines, such as the absorption feature of CH2CN at 40230-
40270 MHz. Applying the filter achieved a 10 - 25% reduction in
the root mean squared (rms) noise in the spectra extracted from
different images.
We then converted from units of Jy beam−1 to mean flux den-
sity per square arcsec (or equivalently, specific flux density) in or-
der to inspect images with distinct beam sizes on the same scale.
Finally, we performed a primary beam correction to the extracted
spectra. We applied the beam correction to the extracted data in-
stead of simply extracting the spectra from beam-corrected images
for the following reason. For each image, the standard technique
in MIRIAD applies a single primary beam (PB) correction based
on the central frequency tuning of the image, and does not include
frequency dependence within the image. However, over the 2 GHz
bandwidth of each image, frequency-dependence is significant, es-
pecially towards L. To compute appropriate frequency-dependent
beam corrections, we compared the spectra extracted from the re-
gions in the non-PB corrected cubes to the spectra extracted from
the same regions in PB corrected cubes. We fit a fifth order poly-
nomial to the ratio of PB corrected to non-PB corrected data across
the 20 GHz of bandwidth. This fit provides the PB corrections.
They are substantial (up to a factor of 2.6) for L but are very small
(<1.04) for K4, K6, “h”, and the LMH.
The half power beam widths at all frequency tunings and
the rms noise levels in the final extracted spectra are reported
in Table 2. The supplemental material to this work provides
the extracted, HP-filtered, and PB-corrected spectra towards all
5 regions, and the line fitting and identification PYTHON code
described in §3.2. This material is additionally available at
https://github.com/jfc2113/MicrowaveLineFitter.
3.2 Line Fitting Methodology
The line fitting routines operate on the extracted 1-d spectra in order
to fit Gaussians and perform line identification by the following
procedure:
(i) Identify “detected” features as those with a single-channel
flux Ichan > 3.5σregion, where σregion is the rms noise of line-free
sections of a region’s extracted spectrum. The value of σregion is de-
termined independently for each frequency tuning. With a threshold
of 3.5σregion, one channel in 2149 should be a false detection assum-
ing perfect baseline subtraction and constant noise within an image.
The fitter selects channels that meet this criteria and 5 channels on
either side.
(ii) Compensate for the poor spectral resolution by using Fourier
domain zero padding to interpolate data in the channels selected in
step (i). This generates interpolated data with 0.33 MHz channels
within segments of the spectrum that contain lines. While the num-
ber of independent data points remains the same, this triples the
number of points used to constrain the fits, improving the fits signif-
icantly. This is essential for the ATCA data because in many cases,
only 2-3 original channels sample the lines, and a Gaussian fit to so
few channels can return a wildly unreasonable fit. For example, if
a line profile is sampled by 2 channels and surrounded by a zero-
value baseline, one can imagine many different Gaussian profiles
capable of fitting the data perfectly with highly varying heights in
particular.
(iii) Fit one or more Gaussians to each feature iteratively. The
spectral line fitter first determines an unconstrained best-fit Gaus-
sian to a spectral line using a least squares routine. The best-fit pa-
rameters are then used as input guesses for the least squares fitter to
re-fit a single Gaussian to the channels within 0.8 × FWHM of the
line center. A cutoff of 0.8 × FWHM is selected in order to min-
imize the effects of the baseline uncertainty, which preferentially
affects line wings. If a 1-component Gaussian shape is appropriate,
this includes 94% of the power of the line.
(iv) Evaluate the 1-component fit against a set of criteria de-
signed to determine whether a multi-component fit is required. The
criteria were determined empirically for this dataset and are de-
scribed in Appendix A. If the segment of data meets the criteria,
a 2-component fit is determined and evaluated. In the event that
neither a 1-component nor a 2-component fit is deemed sufficient,
the fitter grabs a slightly different segment to fit and retries both
a 1- and 2-component fit. If the result remains insufficient, the re-
ported fit is marked as poor, pointing out where further attention is
required.
(v) The best 1- or 2-component Gaussian fit is then subtracted
from the raw (as opposed to the interpolated) data. If the residual
spectrum contains channels with Ichan > 3.5σregion, the residual
spectrum re-cycles through steps (ii)-(v). Non-Gaussian line shapes
(i.e. lines with wing broadening) are fit in this process, so that the
iterative solutions do not provide a full characterisation of the line
shape, but do adequately account for the total flux of the line. The
treatment of line wings is discussed further in Appendix A.
(vi) Identify lines by comparing the Gaussian fit parameters to
spectral line catalogue data.1 Because the code is optimized to
this dataset, the line-ID component is not very sophisticated, with
the primarily kinematics-based rather than chemistry-based consis-
tency checks.
Because a large number of steps were required to obtain the result-
ing fits, we do not adopt the errors to individual fits. Instead, we
utilize the power of broadband line surveys to derive upper lim-
its to the errors empirically from the variation in line parameters
amongst a large number of fits (§4.2)
Note that the code does not include a model for the molec-
ular composition and radiative transfer. This enables us to mea-
sure properties of the gas purely empirically, which is particularly
appropriate at centimeter wavelengths, where a large number of
1 All line data were accessed through the online ALMA Spectral Line
Catalogue - Splatalogue (available at www.splatalogue.net; Remijan &
Markwick-Kemper (2007)); original line data were compiled in the Cologne
Database for Molecular Spectroscopy (CDMS; Mu¨ller et al. 2005); the
NASA Jet Propulsion Laboratory catalogue (JPL; Pickett et al. 1998); the
National Institute for Standards in Technology (NIST) Recommended Rest
Frequencies for Observed Interstellar Molecular Microwave Transitions -
2002 Revision (the Lovas/NIST list; Lovas & Dragoset 2004); and the Spec-
tral Line Atlas of Interstellar Molecules (SLAIM; F. J. Lovas, private com-
munication) and references therein accessible on Splatalogue.
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lines from various molecules have been shown to be non-thermally
excited (Menten 2004; McGuire et al. 2012; Faure, Remijan &
Szalewicz 2014). The code is written modularly, enabling adap-
tation for different datasets. The PYTHON scripts are further de-
scribed in Appendix A and available in the online journal and at
https://github.com/jfc2113/MicrowaveLineFitter.
4 SPECTRAL LINE RESULTS
The data contain recombination lines and molecular transitions.
Most detected molecular transitions are either observed in absorp-
tion preferentially along the K5 and K6 shells, L, and K4, or in
emission towards the LMH and “h” hot cores (Figure 3). Figure 4
shows a representative segment of spectra from all five regions from
which spectra were extracted. Detected absorption lines are primar-
ily from low energy states (EL . 20K), whereas most emission
lines from the LMH and “h” have higher energies (EU & 80K). The
LMH has the most line-dense spectrum as anticipated, and “h” has
the second richest spectrum. The excitation and gas phase molecu-
lar abundances of “h” appear significantly more similar to the LMH
than other regions in Sgr B2(N), confirming that it is a second hot
core in Sgr B2(N) (Belloche et al. 2013).
The spectra towards K6, L, and K4 are similar to one another,
predominantly showing emission by recombination lines and ab-
sorption by molecules. Of all detected features originating at the
positions of K6, L, and K4, ∼90% were confidently assigned to
recombination line or molecular carriers. The remaining 10% in-
cluding unidentified transitions are discussed in Appendix B. Fig-
ure 32 illustrates the raw data spectrum extracted towards K6 with
the output of the line fitter overlaid and line identifications labeled.
Figures in this format containing the full spectra towards K6, L,
and K4 are provided in Appendix B. Additionally, tables providing
line identifications and Gaussian fit parameters, including veloc-
ity center, height, width, and integrated flux towards K6, L, and
K4 are available in Appendix C. Table 9 is a sample page of the
line parameters towards K6. We do not report errors on individual
Gaussian fits in the tables, but discuss errors in §4.2. As mentioned
in §3.2, lines with wing broadening are approximated by a primary
Gaussian component and additional components with lower am-
plitude. For clarity, we only list the primary Gaussian component
parameters in the tables, however, the reported integrated flux val-
ues include wing components. It follows that the reported flux is
not always equivalent to what you would obtain from the primary
Gaussian component alone.
4.1 Recombination Lines
In order to assess the performance of the line fitting and identifica-
tion routine, the output of the code was evaluated using hydrogen
and helium recombination lines towards K6, L, and K4. Recombi-
nation lines, particularly at higher principal quantum numbers (n
>90), are not well described by simple Gaussian line shapes but
exhibit Voigt profiles (von Procha´zka et al. 2010). The line fitting
routine applies only Gaussian shapes, which adequately charac-
terise the bulk motion of ionized gas via the velocity center, partic-
ularly because the α and β transitions have lower quantum numbers
with less collisional broadening. However, towards K6 in particu-
lar, most Hα lines require primary components and weaker com-
ponents to recover the flux in the wings.
The hydrogen and helium 51 - 59α, 64 - 75β, 72 - 85 γ, 79 -
93 δ, 85 - 100 , and 90 - 106 ζ recombination transitions fall in
the observed band, enabling measurements of recombination line
strengths, widths, and HII region kinematic centers. Figures 6 and
7 present H and Heα and β transitions towards K6, and Figures
8 and 9 present H and Heα transitions towards L and K4 respec-
tively. Each panel shows the H and He data with a single quantum
number, with the Gaussian fits reported in the online journal over-
laid. The final panel of each figure shows a composite averaged
spectrum overlaid with a fit to the averaged spectrum. The best fits
to the averaged spectra are provided in Table 5. Additionally, re-
combination line kinematic measurements generated from H α - γ
transitions are provided in Table 6 and a histogram of the line cen-
ters is shown in Figure 10.
Towards K6, the automated line fitting routine detected 64
hydrogen recombination transitions including Hα - H ζ and 13
helium transitions including Heα - Heβ lines. The ionized gas
towards K6 has two primary velocity components, at ∼59 and
∼84 km s−1 (Figure 6). The automated line fitter determined that
a 2-component fit is required for all Hα transitions and for nearly
all Hβ and Heα transitions. Of the 25 unblended Hα - γ transi-
tions for which the automated fitting routine used a 2-component
fit, it obtained a mean velocity of 58.9± 0.8 km s−1 and width
28.7± 1.1 km s−1 for the low velocity component and a mean ve-
locity of 84.7± 0.8 km s−1 and width 27.2± 1.2 km s−1 for the
high velocity component. The best fits to the composite averaged
spectra of Hα and Hβ transitions are both consistent with these
parameters (Table 5). As is evident in Figures 6 and 7, hydrogen
recombination transitions at higher spatial resolution, (namely the
H(56) - (53)α and H(70) - (66)β transitions) have more pronounced
double-peaked line shapes than the moderate resolution transitions
(H(59) - (57)α and H(75) - (71)β), which in turn are more double-
peaked than the lowest resolution transitions (H(52) - (51)α and
H(65) - (64)β). The line profiles are thus highly sensitive to the
spatial resolution.
The double-peaked structure towards K6 was first reported by
de Pree et al. (1995) in an image of the H(66)α transition observed
by the VLA with 1.′′4 resolution. This work reported a 2-component
recombination line profile located internal to the K6 shell at a posi-
tion roughly 2.5 arcsec north of our selected K6 region. The compo-
nents were reported at 50 and 93 km s−1, and de Pree et al. (1995)
argued that the H(66)α line profile provides a direct detection of the
two sides of a shell with an expansion velocity of ∼21 km s−1. In
the ATCA data, a double-peaked profile with components at ∼50
and 90 km s−1 is observed towards the K6-internal position noted
in that work. However, the spatial positions of the peak 50 and
90 km s−1 recombination line emission are offset, with the 50 kms
component centered on the base of the K6 shell within our K6 ellip-
tical region, and the 90 km s−1 gas centered ∼4 arcsec to the NW
(Figure 11). If the two components are part of the same structure,
the data are consistent with the ionization front expanding into a
clumpy molecular cloud and preferentially illuminating at the po-
sition of a clumps on the front and back sides of the shell.
Towards L, the automated line fitting routine detected 52 hy-
drogen transitions from Hα to H ζ and 8 Heα lines. As is evident
in Figure 8, higher specific flux densities are observed in the high
resolution data, which covers the H(59) - H(53)α transitions, due
to the effect of the varying beam size discussed in §3.1. The auto-
mated line fitting routine typically fit each recombination line with
a single Gaussian. Of 26 unblended 1-component Hα - γ lines de-
tected by the automated fitting routine, the mean center velocity is
76.3± 0.2 km s−1 and width is 26.3± 0.7 km s−1, consistent with
the Gaussian fit to the composite average spectrum of Hα lines (Ta-
ble 5). Towards L, de Pree et al. (1995) reported a recombination
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line velocity of 75.8± 0.3 km s−1 and width 31.7± 0.7 km s−1,
so that the line widths in particular somewhat disagree with the
ATCA data. This is a result of the differences in spatial resolution.
In the ATCA observations, L appears as a single unresolved source;
on the other hand, the higher spatial resolution observations in de
Pree et al. (1995) treat L and L13.30 located∼3 arcsec east as sep-
arate sources. Towards L13.30, de Pree et al. obtain a velocity of
76.5± 1.2 km s−1 and width 20.6± 2.8 km s−1. Our line parame-
ters are intermediate between those of the two unresolved sources.
Recombination lines are weaker towards K4 compared to K6
and L. As a result, primarily Hα - γ transitions were detected (24
total) and only 2 Heα transitions were detected. As is apparent in
Figure 9, the line profiles suggest a wing on the high velocity side
of the line center, near 100 km s−1. Of the seven Hα transitions
from 30 - 44.6 GHz, only H(56)α is known to be blended. Of the
remaining six Hα transitions, four required a 2-component fit to the
line emission from 40 - 80 km s−1 (Figures 9 and 10). The other
two Hα transitions (namely H(57) and H(55)α) did not meet the
criteria for a 2-component fit, but a 2-component fit appears more
appropriate and the reported fit is adjusted from the output of the
line fitter. The line shape appears to vary substantially, suggesting a
complex kinematic structure resulting in a line shape that is sensi-
tive to the beam size and precise placement of the elliptical region.
Indeed Figure 11 shows a steep velocity gradient across K4.
Although most of the Hα transitions required a 2-component
fit (primary) and a weaker component in the high velocity wing
(secondary), the composite line profile is adequately fit by 1-
component primary Gaussian fit at 65 km s−1 and a weaker wing
component (secondary) on the high velocity side at 100 km s−1,
as reported in Table 5. Using fits to Hβ and H γ lines deter-
mined by the line fitter, we find that a 1-component treatment
of the recombination lines towards K4 has a velocity center of
66.2± 0.5 km s−1 and width of 32.1± 1.4 km s−1. The values we
determine are in mild disagreement with those reported by de Pree
et al. (1995), who report a velocity of 63.9± 0.8 km s−1 and a
width 36.0± 1.9 km s−1. This may be because we are looking at
different regions of K4. We determined the shape and placement of
the elliptical region towards K4 based on the continuum structure
as sampled at 40 GHz by the ATCA, which is offset by ∼1 arcsec
SE of the continuum peak at 22 GHz observed by de Pree et al.
(1995). In the ATCA data, most of the recombination line emission
associated with K4 arises 2-3 arcsec southeast of the 22 GHz con-
tinuum peak, and higher velocity line emission is observed to the
SE (Figure 11). Some of the higher velocity material is included in
the elliptical region placed on K4.
4.2 Error Estimation
While many sources of error exist, calibration errors (including ab-
solute flux calibration and amplitude error from gain calibration)
are small and fairly independent of frequency and position. The
main sources of error with which we are concerned include:
(i) Spectral lines that are barely, or in some cases not, Nyquist
sampled have poorly constrained Gaussian line parameters. While
the precision of line center and width measurements are obviously
limited, this introduces a ∼10 - 15% uncertainty to the line height.
We adopt a 12.5% error to the line height for unblended lines. It
additionally introduces substantial covariance in the fit parameters
of 2-component lines that are not well resolved. This applies to
the 2-component recombination lines towards K6 and K4 and to
molecular lines that are broad due to saturation or blended hyper-
fine components.
(ii) The baseline uncertainty, typically of order 0.05 mJy
arcsec−2, can increase the number of false detections and affect
the best-fit Gaussian shapes. While we minimized the baseline
residual using a Hodrick-Prescott filter, it is impossible to obtain
a fully residual-free baseline, and the remaining baseline can af-
fect low signal-to-noise transitions significantly. This contributes
uncertainty in line heights and can artificially broaden the best-fit
Gaussian. As discussed in §3.2, we minimize the latter effect by
fitting only the region within 0.8 × FWHM of line center.
(iii) Frequency-dependent variations in noise level in data from
a single spectral tuning can generate false detections. Noise can
also contribute significantly to error for low signal-to-noise detec-
tions, particularly because the data is not Nyquist sampled.
(iv) The spectrum extracted from a region can contain flux gen-
erated at a different spatial position in low spatial resolution data.
This applies primarily to the low spatial resolution data (from 44.6
- 50.2 GHz) in the spectrum of K6, which contains flux arising in
the LMH and “h”. This effect is discussed further in Appendix B.
(v) Towards the three regions that we characterise in this work,
we observe molecular gas with two primary kinematic components
separated by ∼20 km s−1. For a few low signal-to-noise transi-
tions, the data does not significantly disagree with a single Gaus-
sian profile, so the line fitting routine returns a single fit at a ve-
locity that is intermediate between the two velocity components.
We indicate fits for which we suspect this has occured with “BC”
for blended components. In these cases, the Gaussian parameters
are unreliable, but the qualitative statement of transition detection
stands. As a primary aim of the study is to demonstrate the func-
tionality of the line fitting code, we correct few instances of this.
However, researchers interested in the separate contributions from
the two gas cloud components should re-fit these with the velocities
and widths fixed to the mean values obtained in this work.
Because there are many sources of uncertainty and a large
number of lines detected in the survey, the simplest method for
evaluating the error is to derive it from the fits themselves. To do so,
we assume that line radiation from all thermal molecular line tran-
sitions originates at a consistent set of central velocities for each
targeted spatial region, setting an upper limit on the typical error
of fits. With very few high signal-to-noise exceptions, this assump-
tion is supported by the data, as typical differences from the mean
center velocity are significantly smaller than the channel widths of
6 - 10 km s−1.
Using molecular line transitions with signal-to-noise ratios
(determined as the ratio of the Gaussian fit height to the noise level
in the extracted spectrum) in the 25th - 90th percentile range, we
determine the standard deviation of the line velocity centers and
widths. The 25th - 90th percentile range excludes the strongest
lines which typically have wing broadening and the weakest quar-
tile (with a signal-to-noise ratio . 5.4) which is preferentially af-
fected by baseline issues and noise. The distributions of veloc-
ity centers and line widths towards all three regions is shown in
Figure 12. Using 129 unblended transitions towards K6 that fall
in our target signal-to-noise window (including 51 1-component
transitions and 39 2-component transitions) we determine the stan-
dard deviation of the center velocity to be σv = 1.1 km s−1 and the
standard deviation of the velocity width to be σ∆v = 2.3 km s−1.
The standard deviations of both parameters are significantly lower
than the channel resolution of 6 - 10 km s−1, indicating that the
method performs rather well given the limits of the dataset. We
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adopt σv = 1.1 km s−1 and σ∆v = 2.3 km s−1 as 1σ errors on
the fit parameters of 1-component lines and spectrally resolved 2-
component lines with a signal-to-noise ratio >5.4. This includes
unblended 1- and 2-component molecular lines and 1-component
recombination lines. These values are consistent with the standard
deviations of the parameters fit to high signal-to-noise recombina-
tion lines towards L (Figure 10 b), further justifying their validity.
For 2-component recombination lines in which the
components are not spectrally resolved, we determine
σv = 3.6 km s−1 and σ∆v = 4.9 km s−1 from 17 Hα and β lines
towards K6, and line height errors of each component are estimated
at ∼25%. Compared to molecular lines, 2-component recombina-
tion lines have larger errors because the two velocity components
are poorly resolved. As the line widths of the 2-component
recombination line components are larger than the velocity
separation between the two components
(
∆v1+∆v2
2
>v2 − v1
)
,
the components are unresolved. While a 1-component fit does a
poor job of matching these profiles, a 2-component fit contains
significant covariance between the six fit parameters. Errors of
the velocity center and width are approximately 40% higher for
2-component Hγ and δ lines, and the line heights have a ∼40%
estimated error.
Table 7 summarizes the errors of the fit parameters that are
adopted in this work and recommended for further use of the re-
sults.
5 MOLECULAR COMPOSITION
5.1 Molecular Gas Components Associated with Sgr B2
Nearly all of the molecular lines detected towards K6, L, and K4 are
in absorption against the free-free continuum emission. The follow-
ing molecular species were detected towards one or more of these
regions. Tentative detections are marked with a “(?)”.
CS Family: CS, C34S, C33S, 13CS, 13C34S, HCS+, H2CS,
CCS, CC34S, OCS, CCCS
Silicon Species: SiO, 29SiO, 30SiO, Si18O, SiN, SiS, SiC2
Other Inorganic Molecules: SO, PN, Na37Cl(?)
Hydrocarbon Chains: l-C3H, l-C3H+, C4H
Ring Species: c-C3H2, c-H13CCCH, c-HCC13CH, c-H2C3O,
c-H2COCH2
Amines: NH3, NH2D, CH3NH2(?), NH2CN, CH3CONH2,
H2NCO+(?)
Isonitriles: CH3NC, HCCNC
Nitriles: CCCN, HSCN, NaCN/NaNC, CH2CN, CH3CN,
CH133 CN, 13CH3CN, CH2CHCN, CH3CH2CN, HC3N,
HCC13CN, HC13CCN, H13CCCN, HC5N, CH3C3N
Imines: CH2NH, E-CH3CHNH, Z-CH3CHNH, HNCHCN
Aldehydes: H2CO, H2COH+, CH3CHO, NH2CHO,
NH132 CHO, CH3OCHO, cis-CH2OHCHO, t-CH2CHCHO,
CH3CH2CHO
Alcohols: CH3OH, 13CH3OH, t-CH3CH2OH, g’Ga-
(CH2OH)2
Other Oxynated Species: HNCO, t-HCOOH, H2CCO,
CH3OCH3, (CH3)2CO
Other Organic Species: CH3SH
The molecular inventory of the gas includes that reported in the
more extended envelope of Sgr B2 and in the north cloud, an
extended cloud of material that peaks 1 arcmin north of the Sgr
B2(N) core (Jones et al. 2008, 2011). In a survey conducted with
the Mopra telescope over the same frequency range on a 6 arcmin
× 6 arcmin field of view, the species CS, HCS+, CCS, OCS,
SiO, SO, HNCO, HOCO+, HC3N, HC5N, CH3OH, CH3CN,
CH3CHO, NH2CHO, CH2CN, and CH2NH were detected in
extended material around the North and Main cores (Jones et
al. 2011). All of these molecules except HOCO+ were detected
in the significantly more sensitive ATCA survey, along with an
additional ∼40 molecular species. We note that the depletion of
HOCO+ in the absorbing material is curious and refrain from
further interpreting this. In a 3-mm suvey conducted with Mopra
over a similar field of view as the 7 mm survey, multiple other
species detected here were observed to have an extended distribu-
tion, including NH2CN, CH3OCH3, CH3OCHO, t-CH3CH2OH,
c-C3H2, CH2CHCN, CH3CH2CN, H2CO, H2CS, H2COH+, and
CH3SH (Jones et al. 2008).
Towards all three regions, molecular lines were primarily de-
tected at two velocity components separated by ∼20 km s−1. Fig-
ure 12 shows a histogram of the 25th - 90th percentile Gaussian
fit parameters of identified molecular lines, and Table 8 presents
the mean fit parameters, characterising the kinematic structure
of molecular gas towards these positions. K6 and K4 have ve-
locity components centered at 64 and 82 km s−1 and 62 and
82 km s−1 respectively, whereas L has velocity components at
56 and 76 km s−1. While we do not include a full characteri-
sation of the spectra towards the LMH and “h”, the spectra of
these sources show that line emission from the LMH hot core is
at ∼64 km s−1 and emission from “h” is at 73 km s−1, in agree-
ment with previous observations (Hollis et al. 2003; Belloche et al.
2013). Towards K6, L, and K4, both primary velocity components
have median line widths>10 km s−1, indicating highly supersonic
turbulence.
A larger number of transitions are detected in the low velocity
component gas towards all three regions, and the low velocity com-
ponent has a higher total integrated line intensity in the detected
transitions. Towards K6, the total integrated flux absorbed by the
64 km s−1 component is a factor of 3.5 times greater than the total
flux absorbed by the 82 km s−1 component. Towards L and K4, the
low and high velocity components typically have more similar line
intensities, with total integrated flux ratios of
∫
(TL)|Low∫
(TL)|High = 1.7 and
1.1 respectively. A larger number of distinct molecules were de-
tected towards the low velocity component gas in K6 than towards
any other position or velocity component.
While nearly all molecular lines appear in absorption, a few
species exhibit weakly masing transitions that appear in emission.
Previous work has demonstrated that the unusual environment in
the Galactic Center produces unique excitation conditions (Menten
2004). For some large molecules, the conditions cause inversion
of the energy levels in some low-J lines and anti-inversion in oth-
ers, leading to weak maser emission in the first scenario and en-
hanced absorption in the latter (see §1.2. of Menten 2004 and refer-
ences therein). In the spectra towards K6 and K4, two transitions of
CH2NH are detected, including the 111 – 202 transition in absorp-
tion and the weakly masing 303 – 212 transition in emission. Both
transitions are detected both in the high and low velocity gas com-
ponents towards K6, with similar morphologies over the K5 and
K6 shells (Steber et al. in prep). The maser emission is detected in
the low velocity gas towards K4 as well. Additionally, the 312 – 303
transition of t-CH3CH2OH is weakly masing in the high velocity
gas component (at 82 km s−1) towards K6 and K4, and H2COH+
303-212 appears in emission towards K4. Finally, the 101 – 000 tran-
sition of H2CS may show weak masing at an offset velocity in the
low velocity gas in K4 (see Figure 13c), but further investigation
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would be required to confirm this. No maser emission is detected
towards L.
With the exception of ammonia inversion transitions,
methanol masing transitions, one transition of H2CO, and three
transitions of c-C3H2, all detected molecular transitions have lower
state energies below 20 K, with most being below 10 K. For many
of the detected molecules, the highest quantum line strength tran-
sitions that fall in the 30-50 GHz range are between low energy
states; however, a number of stronger lines between higher energy
states (40 - 80 K) are missing. The gas is therefore rotationally cold.
Given the typical temperatures of molecular gas in the Galactic
Center (> 80 K) (Ao et al. 2013, Martı´n et al. 2008 and references
therein) and the observed supersonic turbulence, excitation temper-
atures of TEx ∼10 K are highly subthermal. This result agrees
with the conclusions of Hu¨ttemeister et al. (1995), which deter-
mined that TEx < 20 K Tkin in the absorbing gas components,
and with multiple recent characterisations of species detected in
absorption in Sgr B2(N), which have determined that TEx∼ 9 K
(Loomis et al. 2013; Zaleski et al. 2013; McGuire et al. 2013).
Additionally, ammonia inversion transitions with lower state
energies ranging from 1200 - 3500 K are detected in both veloc-
ity components towards K6, L, and K4. Most of these transitions
have been reported toward Sgr B2(N) previously with single dish
observations (Hu¨ttemeister et al. 1995; Flower, Pineau des Forets
& Walmsley 1995). Although ammonia inversion lines are useful
diagnostics of gas temperature (Ho & Townes 1983; Walmsley &
Ungerechts 1983) the very high energy transitions do not likely in-
dicate the kinetic temperature of the molecular gas, as the energy
states may be populated due to formation pumping (Lis et al. 2012;
E. Bergin, private communication). In work on Sgr B2 using Her-
schel data from the HEXOS program, Lis et al. (2012) proposed
that H3O+ and NH3, which have homologous structures with inver-
sion transitions between metastable energy states, may be excited
to very high energy levels by excess energy available from forma-
tion in the presence of X-ray radiation. While they favor an X-ray
dominated environment for producing observed abundance ratios
of H3O+ and H2O, they do not rule out cosmic ray or shock driven
chemistry. Regardless of the exact scenario, the high energy ammo-
nia transitions can only be explained with significant energy avail-
able in the gas (via X-rays, CRs, or shocks). As such, the ATCA
data are decidedly not probing cold material in the two primary
velocity components towards K6, K4, and L, providing additional
evidence that the gas is extremely subthermally excited.
The presence of two velocity components at multiple positions
across the field, the spatial extent of the absorbing gas over the full
continuum structure (Figure 3a), the similar excitation conditions
across the spatial field, and the similarity with the molecular in-
ventory observed in more extended material by Jones et al. (2011,
2008) suggests we may be peering through two extended sheets of
gas, perhaps with a kinematic gradient across the field. Previous
work has suggested that absorbing gas at ∼65 and 82 km s−1 is
associated with the extended envelope of Sgr B2 (Hu¨ttemeister et
al. 1995) and is not internal to the core. If the components are lo-
cated in the envelope, they would be anywhere from 3 - 10 pc from
the cores (Hu¨ttemeister et al. 1995), a distance that is significantly
larger than the projected distance between the cores, as L and K6
are separated by ∼ 1.3 pc and K4 and K6 are separated by 0.4 pc
in the plane of the sky. In this scenario, the extended molecular gas
components need not interact directly with the local structure of the
core (including expanding HII regions), and it is unclear whether
the higher or lower velocity component is closer to the star forming
core.
5.1.1 Normalised Spectral Line Ratios: Determining Chemical
or Excitation Differences In Absorbing Gas
To determine if the system consists of two extended clouds or if
each kinematic component towards each region should be treated
as a separate cloud (in which case we would be probing 3 spatial
regions × 2 velocity components = 6 clouds), we inspect the line
radiation in each component. If the gas is located in the envelope
with significant distance between the cores and the absorbing gas,
we expect the gas phase molecular abundances and excitation to be
fairly self-consistent in low velocity gas across the spatial field and
in high velocity gas across the field. The low velocity gas could
be quite distinct from the high velocity gas however, as they are
clearly separate clouds.
If two components of gas have identical gas phase abundances
and excitation, then the line optical depth ratios of the two gas com-
ponents should be equivalent for any two lines, such that(
τC2
τC1
)
A
=
(
τC2
τC1
)
B
± Error (1)
for two gas components C1 and C2 and for spectral lines A and B.
The optical depth of an absorption line is related to the measured
line and continuum brightness levels by
τ = −ln
(
1 +
TL
TC − [f(TEx)− f(TCMB)]
)
; f(T ) =
hν/k
ehν/kT − 1
(2)
τ ≈ −TL
TC − [f(TEx)− f(TCMB)]
(3)
τ ≈ −TL
TC
(4)
Equation 2 provides the general equation for absorption line optical
depth, while Equation 3 is appropriate for optically thin lines, and
Equation 4 is appropriate for optically thin lines when the contin-
uum temperature dominates the excitation and cosmic microwave
background temperatures. Towards K6, due to the strong contin-
uum and low excitation temperature, Equation 4 is appropriate for
optically thin lines. It follows that the line-to-continuum ratio can
be read as the optical depth towards K6. The continuum is some-
what weaker towards L and K4, and as a result, the excitation tem-
perature may contribute non-trivially to the denominator in Equa-
tion 3 resulting in a factor offset compared to Equation 4. While the
factor varies with frequency for a frequency-dependent continuum
temperature, the change is small with frequency in the range of 30-
44 GHz. For optically thin lines in all cases therefore, Equation 1
can be rewritten as(
(TL/TC)C2
(TL/TC)C1
)
A
=
(
(TL/TC)C2
(TL/TC)C1
)
B
± Error. (5)
We refer to the quantity on the left as the normalised line ratio
(NLR) of spectral line A with respect to C1 and use the line height
generated by the automated line fitter for TL. In the range of 29.8 to
44.6 GHz, we determine the continuum levels using the continuum
images with central frequencies of 33.4 and 40.8 GHz and 7.5 GHz
bandwidths. From the two images, we derived a power-law fit to
the continuum strength towards K6 and linear fits to the continuum
ratios (TC)
(TC)K6
for L and K4. We estimate that uncertainty in the
continuum ratios contributes 10% error to an NLR.
Figure 13 shows the profiles of selected transitions of
CH3CHO, CH3CH2CN, CH2NH, and H2CS. Inspecting the pro-
files towards K6 (Figure 13a), it is clear that the low (64 km s−1)
and high (82 km s−1) velocity components do not show identical
gas phase abundances and excitation. The line profiles of CH3CHO
and CH3CH2CN appear quite similar, with the peak line strengths
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in the high velocity gas being ∼ 25% that in the low velocity gas.
In terms of Equation 5,
NLRCH3CHO ≈ NLRCH3CH2CN ≈ 0.25
for the high velocity gas with respect to the low velocity gas for
the two specific transitions. However, the NLR is clearly much
higher, at ∼70%, for the transition of CH2NH and much lower for
H2CS. If the line profiles of CH3CHO and CH3CH2CN are typical
towards K6, we can therefore say that the high velocity compo-
nent towards K6 (K6: 82 km s−1) is enhanced in CH2NH 111 – 202
and depleted in H2CS 101 – 000 relative to the low velocity gas in
K6 (K6: 64 km s−1). Towards K6, it follows that significant differ-
ences in gas phase abundances and/or excitation exist in the two gas
clouds. As the low and high velocity clouds are obviously distinct
bodies, this result is not suprising.
More interestingly, the line profiles towards L and K4 look
very distinct compared to those in K6. We first compare only the
low velocity gas in all three regions. In the CH3CHO line, the NLRs
with respect to K6: 64 km s−1are 50% for the low velocity gas in
both L and K4 (L: 56 km s−1 and K4: 62 km s−1, respectively). In
the line of CH3CH2CN, however, absorption by L: 56 km s−1 and
K4: 62 km s−1 is considerably weaker, at ∼25 and 30%, respec-
tively. Whereas the low velocity component absorption by CH2NH
is weak in L: 56 km s−1 (at ∼22% the strength observed in K6), it
is very strong in K4. On the other hand, the line of H2CS is strong in
the low velocity gas towards L: 56 km s−1 (at ∼ 75% the strength
observed in K6), and weak in K4: 62 km s−1 (at∼25% the strength
observed in K6). From these four lines alone, it is very clear that
differences in excitation and/or gas phase molecular abundances
exist on small angular scales of <10 arcsec.
Comparing the high velocity gas in the three regions produces
a similar result. With respect to K6: 82 km s−1, the high velocity
components in L and K4 have 40 and 80% deeper line absorp-
tion by CH3CHO. In the CH3CH2CN line, K6: 82 km s−1 and
L: 76 km s−1 have similar line strengths, while the high veloc-
ity gas in K4 (K4: 82 km s−1) shows significant enhancement.
L: 76 km s−1 and K4: 82 km s−1 have lower line strengths of
CH2NH 111-202, and while H2CS is undetected in K6: 82 km s−1,
it is observed towards L: 76 km s−1 and K4: 82 km s−1 . This re-
sult does not support the hypothesis that the high velocity gas is an
extended cloud located in the envelope of Sgr B2.
Utilizing the bandwidth offered by the survey, we compute
the NLRs of unblended, confidently assigned absorption lines from
multiple distinct molecular families in the segment of the spectrum
extracted from high spatial resolution data (from 29.8 - 44.6 GHz).
Figure 14 provides NLR values with respect to K6: 64 km s−1 for
spectral lines in each velocity component of each spatial re-
gion, plotted against the line-to-continuum ratios of the lines in
K6: 64 km s−1. As follows from Equations 2 - 4, the abscissa pro-
vides a proxy for the line optical depth in K6: 64 km s−1, while
the ordinate is proportional to the line optical depth ratio with re-
spect to K6: 64 km s−1 in the indicated gas component. The me-
dian NLR is shown by the dashed line with ±3σ errors shaded
around the median. The shaded errors are estimated by 12.5% er-
ror on each line height added in quadrature with 10% error intro-
duced by uncertainty in the continuum ratios, resulting in a ∼20%
total 1σ error. Finally, we note that the apparent slope at the low
optical depth side relates to the detection limit in the spectra. Be-
cause K6: 64 km s−1 has the strongest continuum level, making the
spectrum towrads K6 more sensitive to low optical depth lines and
also typically has the highest optical depth, lines that are weakly
detected towards K6: 64 km s−1 are only detected towards other
components if they have enhanced line optical depths compared to
the median. This does not imply that these points are unreliable, but
implies that the lower left corners of the plot cannot be filled in.
We consider the line radiation with respect to the median ra-
tio, as differences in the median NLR (such that median 6= 1) do not
necessarily indicate differences in the relative chemical abundances
or excitation. Instead the median NLR may correspond to the rel-
ative optical depth of molecular gas, and it also holds the factor
offset introduced by [f(TEx)− f(TCMB)] in Equation 3 towards
L and K4. However, statistically significant differences with respect
to the median NLR indicate either (1) excitation differences, with
distinct excitation of some molecules, or (2) chemical differences,
with different relative gas phase molecular abundances present in
distinct gas components. If statistically significant scatter is ob-
served in lines of a single molecule (e.g. differences in the NLR
of different lines of CH3CHO), excitation differences are impli-
cated. Although low excitation conditions are common in the gas
components discussed here, differences in the excitation conditions
can impact the excitation of different K-states, and weak masing ef-
fects may selectively enhance or deplete the populations of certain
states (Menten 2004; Faure, Remijan & Szalewicz 2014). Where
line excitation is not implicated, the differences are attributable to
chemical abundance differences.
Trends in Figure 14: Transitions that appear to vary the most
between different panels of Figure 14 include CH2NH 111 – 202,
CCS 32 – 21, HCS+ J = (1-0), H2CS 101 – 000, and weaker transi-
tions of large aldehyde and O-bearing species. Of these species,
CH2NH is known to be weakly masing at 1 GHz (Godfrey et al.
1973) and is masing in this survey as well; H2CS has been re-
ported to exhibit non-thermal behavior at cm wavelengths (Sin-
clair 1973); and transitions of the O-bearing species t-CH3CH2OH
and H2COH+ exhibit weak masing in this work. While the lines
included in Figure 14 appear in absorption and are therefore not
themselves masing, the energy state populations may be very sen-
sitive to the physical conditions. Significant effort will be required
to determine the excitation conditions responsible for the observed
line strengths, providing powerful constraints on the physical con-
ditions in the gas.
While aware of the presence of non-LTE excitation in these
lines, we expect that a few of the trends indicate true gas phase
relative abundance differences. In this discussion, relative abun-
dance differences are relative to the median abundance ratio of
molecules sampled in two components of gas. In most panels, tran-
sitions of CH3CH2CN appear consistently below the median value,
indicating that K6: 64 km s−1 likely has a high gas phase abun-
dance of the species compared to other gas components. Similarly,
K6: 64 km s−1 likely has enhanced relative abundances of most S-
bearing species, with only L: 56 km s−1 having NLR values that
are similar to the median. As many of the O-bearing species have
multiple lines with high NLRs, we expect that these do reflect true
abundance differences.
We expected to observe similarity between the low velocity
gas towards all three regions and the high velocity gas in the re-
gions, with a distinction apparent between the two sets of spectra.
Instead a different trend is present. K6: 64 km s−1, L: 56 km s−1,
and L: 76 km s−1 exhibit very similar excitation. This can be seen
by inspecting transitions of CH3CHO, NH2CHO, and CH2CHCN
in particular. Each of these three molecules has multiple transi-
tions sampled in Figure 14, and for each of these species, the
NLR values of all transitions show little variation. On the other
hand, K6: 82 km s−1, K4: 62 km s−1, and K4: 82 km s−1 show a
different pattern of excitation and are more similar to each other
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than they are to the first set of components. Evidence for this
follows from the significant amount of scatter observed in lines
of CH3CHO (K6: 82 km s−1), NH2CHO (K6: 82 km s−1 and
K4: 62 km s−1), CH2CHCN (K4: 82 km s−1), CH3CH2CN
(K4: 62 km s−1), HC5N (K4: 62 km s−1 and K4: 82 km s−1), and
cis-CH2OHCHO (K4: 62 km s−1).
In the first set of components, all lines of NH2CHO
and CH3CHO, and most transitions of small molecules are
consistent with the median NLRs, although NH3 transi-
tions show some variability. Observed lines of the S-bearing
molecules SO, HCS+ and H2CS are comparatively depleted
in L: 76 km s−1. Lines of CH3CH2CN are depleted in both
L: 56 km s−1 and L: 76 km s−1 relative to K6: 64 km s−1, and
lines of CH2CHCN may be slightly depleted in L: 76. km s−1.
On the other hand, multiple lines of O-bearing species, in-
cluding c-H2C3O (L: 56 km s−1 and L: 76 km s−1), H2COH+
(L: 76 km s−1), CH3OCHO (L: 56 km s−1), and t-CH3CH2OH
(L: 56 km s−1), are enhanced in both components in L. While fur-
ther analysis is required, this likely indicates higher gas phase abun-
dances of the specified O-bearing species, particularly where mul-
tiple lines consistently demonstrate enhancement (i.e. for c-H2C3O
and t-CH3CH2OH in L: 56 km s−1). Particularly because no maser
emission is detected at either component towards L, we do not an-
ticipate that the energy state populations are significantly enhanced
or depleted by these processes, further supporting the interpretation
of the results as indicating true differences in relative abundances.
In the second set of components, inclduing K6: 82 km s−1,
K4: 62 km s−1, and K4: 82 km s−1, we note low line ratios for
some S-bearing species including H2CS, CCS (K6: 82 km s−1 and
K4: 62 km s−1), and HCS+ (K6: 82 km s−1). Additionally,
CH3CH2CN lines are lower than the median NLR towards
K6: 82 km s−1 and SiO isotopologues have somewhat low values.
Towards all three regions, multiple O-bearing species exhibit
high NLRs. In K6: 82 km s−1, H2COH+, cis-CH2OHCHO,
t-CH2CHCHO, t-CH3CH2OH, and the nitrile species C3N,
exhibit enhanced line radiation relative to the median. In
K4: 62 km s−1, cis-CH2OHCHO and H2COH+ have high NLRs,
and in K4: 82 km s−1, lines of H2CCO and c-H2C3O have
high NLRs. With respect to one another, K6: 82 km s−1 and
K4: 82 km s−1 exhibit similar excitation (evidenced by NLR
values for molecules with multiple line transitions), but very
different line strengths for some S-bearing species. With respect to
one another, they also show differences in the relative abundances
of some aldehyde and nitrile species, with NLR values that are
consistently offset from the median. They additionally show differ-
ences in which weak O-bearing transitions are detected, possibly
indicating relative abundance differences. K4: 64 km s−1 has a
very similar molecular inventory to that of K6: 82 km s−1, but the
excitation is somewhat distinct. Besides the relative depletion of
SiO isotopologues in K6: 82 km s−1, the relative abundances are
quite consistent with those in K6: 64 km s−1, indicating that these
two regions have similar chemical conditions.
As is clear from this discussion and in agreement with the
above discussion of Figure 13, Figure 14 reveals statistically signif-
icant differences from the median values for both velocity compo-
nents towards all three regions. In fact, by comparing the panels to
one another, it is apparent that no two components have consistent
line radiation, revealing variability in excitation and relative abun-
dances on small spatial scales. As a result, the gas phase molecu-
lar abundances and excitation of the 3 spatial regions × 2 velocity
components should be treated separately. This does not imply that
each of the 6 clouds is an entirely, localized body, but that suffi-
cient variability is observed so that signals from different positions
cannot be combined, particularly for transitions that exhibit greater
degrees of variability.
Implications for the Structure of Sgr B2: If the structure
of Sgr B2 included two clouds in the envelope that are extended
over the continuum structure, we would observe that the molecular
abundance ratios and excitation should be self consistent in the low
velocity material and in the high velocity material. The low velocity
material could show a very distinct pattern from the high velocity
gas however. If this were the case, the panels corresponding to low
velocity material in Figure 14 (panels b and d) should have very few
points outside of the shaded 3σ errors. While the high velocity ma-
terial (panels a, c, and e) could have points outside of this, the same
points should appear outside of the shaded region in all three pan-
els. As is evident from Figures 14 and from the discussion above,
this is not observed. The differences in line radiation thus indicate
that we cannot adopt the most simple treatment of the molecular
material, namely as two extended sheets of gas that are not inter-
acting directly with the structure of the core. Instead, we observe
significant variation on size scales of <30 arcsec, indicating that
both the low velocity component and the high velocity component
are likely located proximate to the star forming core and are not
envelope components.
As K6: 64 km s−1 and K4: 62 km s−1 components, separated
by <10 arcsec, show a great deal of differentiation, it does not ap-
pear likely that the low velocity gas is located in the extended enve-
lope, removed from the immediate mechanical and radiative envi-
ronment of the HII regions and embedded sources. The low velocity
gas, varying in both excitation and in relative molecular abundance
values towards the regions, is instead likely located proximate to
the HII regions. The low velocity gas towards K6 and K4 may be
part of the same structure, however we argue that the gas is located
close to the core and is therefore responding to localised conditions.
Other work has provided evidence that the molecular material is in-
deed part of an extended structure, as material has been observed at
a similar velocity in the foreground of Sgr B2(M),∼50 arcsec south
of K6 (Hu¨ttemeister et al. 1995, and references therein). The low
velocity cloud may be an extended structure (& 1 arcmin) located
in the immediate viscinity of the cores, creating locally variable gas
phase abundances and excitation due to radiative and/or mechanical
interactions with HII regions. While Figure 14 demonstrates sim-
ilarity in excitation between K6: 64 km s−1 and L: 56 km s−1, the
ATCA data cannot provide direct observational evidence that the
L: 56 km s−1 gas is part of the same structure as K6: 64 km s−1.
Other work has provided some evidence that they are, however (see
e.g. Sato et al. 2000, and references therein)
While K6: 82 km s−1 and K4: 82 km s−1 are more similar to
one another, differences nontheless persist. The chemistry and ex-
citation may be localised to a lesser degree than the low velocity
gas. While this gas does not appear to be located in the extended
envelope, it may be located further from the cores than the low ve-
locity gas in Sgr B2(N). As L: 76 km s−1 shows a distinct pattern of
excitation and gas phase abundance, it is not clear from our obser-
vations that it is related to the high velocity gas observed towards
K6 and K4. However, the work of Hasegawa et al. (1994) and Sato
et al. (2000) provides evidence connecting the gas clouds, indicat-
ing that the high velocity material may also be part of an extended
structure (> 40 arcsec). It is plausible however that a very clumpy
structure in the envelope, as proposed by Goicoechea, Rodrı´guez-
Ferna´ndez & Cernicharo (2003), could account for the differences
between the high velocity gas in K6 and K4 while allowing the gas
to be located in the envelope.
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If we adopt this structure, in which the low velocity material
is located closest to the HII regions, then the expanding K6 ion-
ization shell would interact mechanically and radiatively with the
64 km s−1 molecular gas given the HII region kinematics compiles
in Tables 5 and 6, driving shocks into the system and contribut-
ing near-UV radiation to generate a PDR. These conditions could
produce the more highly varying line ratios for molecules towards
K6. Towards L, the low velocity molecular material would not be
expected to mechanically interact with the HII regions given the
recombination line kinematics measured in §4.1, although it very
likely sets the radiative environment.
Furthermore, if the high velocity components are indeed fur-
ther from the HII regions than the low velocity components, we
may be directly observing the colliding molecular clouds that are
triggering star formation in Sgr B2, consistent with the scenario
first proposed by Hasegawa et al. (1994). In this scenario, an ex-
tended high velocity cloud (at 75< vLSR< 90 km s−1) collides
with the body of Sgr B2 (at 40< vLSR< 50 km s−1), generat-
ing star formation in processed material at an intermediate velocity
of 55< vLSR< 70 km s−1. The observed 2-component molecu-
lar gas thus may be a direct observation of remaining material in
the high velocity cloud continuing to collide with the processed
cloud, a process that may trigger yet more star formation. This
scenario is consistent with the observation of molecular line mate-
rial at ∼65 km s−1 towards Sgr B2(M) (Hu¨ttemeister et al. 1995).
However, significant pieces of evidence for this scenario remain
missing. For example, there should be observational signatures of
a shock at the interface of the colliding gas clouds at a velocity
intermediate to the high and low velocity gas components. While
the line profile of 28SiO is wing-broadened, the optically thin iso-
topologues of SiO do not show such a signature. Additionally, to
elucidate the interaction between the HII region and the low veloc-
ity component molecular gas, high spatial and spectral resolution
observations of CI, CII, NI, NII, and OI are required to provide in-
formation on the PDR at the surface of the HII region. Notably,
however, carbon recombination lines are not observed in this mate-
rial.
The evidence that the low velocity material is closer to the
HII regions remains tenuous however, and additional evidence sug-
gests the situation may be yet more complex. Recombination lines
towards K6 have 2-component profiles centered at velocities of
60 and 84 km s−1, while molecular gas is observed at 64 and 82
km s−1. If the K6 shell is an expanding HII region that only inter-
acts mechanically with the low velocity molecular gas, then it is
a coincidence that the high velocity molecular gas is at nearly the
same velocity as the far side of the expanding shell. Likewise, this
scenario requires that the L: 56 km s−1 molecular gas component
is more closely associated with the HII region (at 77 km s−1) than
the L: 76 km s−1 molecular gas component. The velocity corre-
spondence between the HII region and the L: 76 km s−1 molecular
gas may be merely coincidental, however, a deeper look at structure
is warranted.
5.2 Molecular Absorption by Clouds Along the Line-of-Sight
to Sgr B2
The line profiles of ∼2 dozen molecular lines show absorption by
additional velocity components associated with intervening clouds
in the line-of-sight to Sgr B2 (Appendix B). These clouds have ve-
locities of v< 50 km s−1. Line-of-sight absorption by gas that is
associated with (i.) spiral arm clouds or (ii.) material internal to
the Galactic bar or Galactic Center is extensively reported in the
literature (Greaves & Nyman 1996; Wirstro¨m et al. 2010; Gerin
et al. 2010; Menten et al. 2011). The clouds are typically translu-
cent (with 102< n< 104 cm−3 and 2<AV < 5) and are highly
interesting for understanding the environments and chemistry in
regions that can only be studied through line-of-sight absorption
techniques. To date, authors have reported primarily di- and tri-
atomic molecules in the foreground of Sgr B2 and other Galactic
sources. Furthermore, it is typically presumed that the absorbing
gas is extended and homogenous over the field of view (Qin et
al. 2010). The ATCA survey provides the first sub-10” resolution
view of line-of-sight molecular absorption towards any region in
the Galaxy.
Molecules detected in line-of-sight absorption components
in this survey include CS, SiO, SO, NH3, CCS, HCS+, c-
C3H2, l-C3H, l-C3H+, C4H, CH3OH, CH3CN, HC3N, CH3CHO,
NH2CHO, and t-CH3CH2OH(?), with a tentative detection marked
with a (?). Turner, Terzieva & Herbst (1999) reported most of the
complex organic molecules detected here in translucent clouds,
however this is the first detection of most of the organic species
in the line-of-sight to Sgr B2. Further, to our knowledge, this is
the first reported detection of NH2CHO in translucent cloud mate-
rial. NH2CHO is of interest as it is difficult to produce via the gas-
phase chemical reaction networks believed to dominate translucent
cloud chemistry (Turner 2000). The tentatively detected species t-
CH3CH2OH is also previously undetected in translucent material.
Towards K6, components at 6, -30, -73, and -106
km s−1 dominate the line-of-sight absorption spectra. Towards L,
components at similar velocities of 35, 20, -5, -35, -75, and -106
km s−1 are detected. The absorption profiles vary between the two
regions, with relative line strengths differing. Towards K4, only
a single velocity component at ∼2 km s−1 was detected. The 2
km s−1 component has a highly enhanced optical depth towards K4
as compared to the 6 km s−1 gas towards K6 and the -5 km s−1 gas
towards L. The data thus:
(i) reveal a greater molecular complexity in the line-of-sight ab-
sorbing gas towards Sgr B2(N) than previously known
(ii) indicate that the ∼0 km s−1 component observed towards
Sgr B2 cannot be treated as homogenous in the plane of the sky
over the field of view of a single dish telescope.
Additionally, the ∼2 km s−1 component is observed to pro-
duce maser emission by the Class I methanol maser at 36 GHz
towards K6 and K4 (see Appendix B). Maser emission has not
previously been associated with a line-of-sight absorption cloud,
indicating that this component is likely quite distinct from other
line-of-sight clouds. Previous authors have proposed that the
∼0 km s−1 component consists of ejecta of Sgr B2 (Wirstro¨m
et al. 2010). Recently, however, a molecular gas component at
∼0 km s−1 has been observed to be widespread across the Galac-
tic Center (Jones et al. 2012) and diffuse recombination line emis-
sion has been observed at a similar velocity throughout the Galactic
Center (Royster & Yusef-Zadeh 2014).
5.3 Selected Molecular Distributions in Sgr B2
In this and the following subsection (§5.4), we confine our dis-
cussion to Sgr B2, ignoring the line-of-sight absorption com-
ponents. Most transitions detected towards K6, L, and K4 ex-
hibit spatial distributions similar to the absorption line distribu-
tions in Figure 3a. However, low energy transitions from a hand-
ful of detected molecules show simultaneous absorption towards
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the continuum and emission from one or both hot cores. Transi-
tions of NH3, HCS+, CH3CN, CH2CHCN, CH3CH2CN, HC3N,
NH2CHO, CH3OCHO, and CH3OCH3 are prominent in absorp-
tion in the foreground of the HII regions and in emission from the
LMH and usually “h” (notably, NH2CHO is not detected in “h”).
Additionally, detected transitions of OCS, HNCO, and NH2D pro-
duce strong emission towards the LMH and “h” and very weak ab-
sorption against the radio continuum. The data also contain multi-
ple instances in which molecules whose spatial distributions might
be expected to be correlated exhibit very distinct morphologies.
The molecules SiO and HNCO are widely regarded as excel-
lent shock tracers and therefore might be expected to exhibit sim-
ilar spatial distributions. Enhanced gas phase abundances of SiO
are achieved by grain sputtering upon passage of a shock (Schilke
et al. 1997; Caselli, Hartquist & Havnes 1997; Pineau des Forets
et al. 1997), and HNCO is observed to be enhanced in multiple re-
gions that have known shocks (Rodriguez-Fernandez et al. 2010;
Minh & Irvine 2006; Martı´n et al. 2008). The spatial distribution of
HNCO has been observed to follow that of SiO in multiple sources
via observations with single dish telescopes (Zinchenko, Henkel &
Mao 2000). However, Figure 15 shows that the distributions of tran-
sitions between low-energy states of SiO and HNCO in the core of
Sgr B2(N) are anti-correlated. The HNCO 202-101 transition pro-
duces very strong line emission in both hot cores, whereas only
very weak absorption is detected towards K6 (the absorption con-
tour of HNCO is at 2.5% of the peak emission line strength). On
the other hand, for the J = (1-0) transitions of all isotopologues of
SiO, the images include absorption against the continuum struc-
ture and a negative “bowl” indicating extended emission that could
not be recovered with the interferometer. No compact emission by
SiO isotopologues is observed towards the “h” hot core. We note
the presence of a weak emission feature on the high velocity wing
of 28SiO eminating from the northwest edge of the LMH. Due to
the line density towards the LMH and the absence of an emission
feature on the low velocity wing, which would be more consistent
with the velocity of the LMH, we cannot firmly identify the noted
feature as an SiO line.
The distributions indicate chemical differentiation in Sgr
B2(N). HNCO is highly abundant in the LMH and “h” hot cores
and depleted in the molecular gas observed against the HII re-
gions; on the other hand, even if the noted wing feature is from
SiO, the species has a significantly lower column density in the
LMH than in the absorbing gas. Any emission generated by SiO
in the LMH is entirely overwhelmed by the absorbing gas com-
ponents, including in the optically thin transitions of the isotopo-
logues. Although the higher energy states (100 K<EL< 300 K)
of SiO should be preferentially populated in the LMH and “h”,
Neill et al. (2014) reported the non-detection of SiO in HEXOS
data sampling SiO transitions with T >160 K. SiO thus appears
to be depleted from the gas phase in the LMH and “h” hot cores,
but highly abundant in molecular material in the low velocity (50 -
65 km s−1) and high velocity (70 - 85 km s−1) gas observed in ab-
sorption towards the HII regions, and in extended material around
the core. A similar distribution of gas phase SiO has been observed
in the source G34.26+0.15 (G34.26), which contains a hot core,
UC HII regions, collimated outflows, and molecular gas interacting
with stellar winds (Hatchell, Fuller & Millar 2001; Watt & Mundy
1999). Towards G34.26, SiO was observed to be widespread and
highly abundant in the material interacting with stellar winds; it
was not detected in the hot core, however (Hatchell, Fuller & Mil-
lar 2001).
The spatial distributions of transitions from species in the CS-
family present yet another puzzle; whereas transitions of CS, CCS,
CCCS, and H2CS are detected in the absorbing gas with no appar-
ent emission from the hot cores, line radiation from the J = (3-2)
transition of OCS shows a similar behavior to that of HNCO (Fig-
ure 16). Very weak line absorption by OCS (with the lowest con-
tour at 4.5% of the peak emission) is detected towards K6 and K4,
but nearly all of the OCS radiation is emission produced in the hot
cores. OCS, like HNCO, is believed to form on grain mantles and
has been linked to shock enhancement (Ren et al. 2011; Garozzo et
al. 2010). Distinct from other CS-containing species, HCS+ ap-
pears both in absorption against the continuum and in emission
from the hot cores.
5.4 Physical Environment in the Absorbing Material: An
Integrative View
The detection of SiO, CS, and other CS-bearing species and the
depletion of HNCO and OCS in the absorbing molecular material
provides insight into the physical environment in the absorbing gas.
The strong absorption by SiO likely results from the presence of
shocks and supersonic turbulence in the gas, although the enhance-
ment of SiO may instead be attributed to the high X-ray flux in this
X-ray reflection nebula (Martı´n-Pintado et al. 2000; Amo-Baladro´n
et al. 2009). Other CS-bearing species found in the absorbing gas,
particularly CCS and CCCS may be formed by chemistry driven
by the radical CH (Petrie 1996; Yamada, Osamura & Kaiser 2002;
Sakai et al. 2007), and multiple larger radical species are directly
detected in the spectra towards K6, L, and K4 (Appendix B). The
presence of radicals typically indicates X-ray or UV irradiation typ-
ical of XDRs or PDRs (Danks, Federman & Lambert 1984; Boger
& Sternberg 2005; Meijerink, Spaans & Israel 2007).
Further, the ratio of HNCO to CS may be an excellent diagnos-
tic of the radiative environment. Using a limited sample of Galac-
tic Center clouds, in which shocks are believed to be ubiquitous,
Martı´n et al. (2008) demonstrated that the HNCO:CS abundance
ratio is high (∼70) in non-PDR shocked regions and an order of
magnitude lower in PDRs. While both species can be photodisso-
ciated, CS is less easily destroyed by UV radiation and can be re-
plenished by a gas phase reaction of S+, an abundant ion in PDRs
(Drdla, Knapp & van Dishoeck 1989; Sternberg & Dalgarno 1995;
Martı´n et al. 2008). In the Horsehead Nebula, CS is observed to be
nearly equally abundant in the PDR and in the dense UV-shielded
core (Goicoechea et al. 2006). On the other hand, HNCO is be-
lieved to form efficiently on grain mantles (Hasegawa & Herbst
1993) and after being released into the gas phase, it is easily pho-
todissociated by UV radiation (Martı´n et al. 2008; Roberge et al.
1991). While theoretical work contends that the HNCO:CS ratio
is time-dependent and more indeterminate (Tideswell et al. 2010),
the very high ratio of CS:HNCO in the absorbing gas provides ev-
idence that this material has an enhanced UV radiation field. Like
HNCO, OCS is believed to form on grains, and the species has been
directly observed on ice grain mantles (Gibb et al. 2004; Garozzo et
al. 2010; Palumbo et al. 2011; Ren et al. 2011). Gas phase OCS is
destroyed by near-UV radiation with an even higher photodissoci-
ation rate than HNCO (Roberge et al. 1991; Sternberg & Dalgarno
1995; Sato et al. 1995). The nearly complete depletion OCS from
the absorbing gas is further evidence for PDR conditions.
As Sgr B2 is known to have a strong and pervasive X-ray flux,
it is possible that X-ray radiation instead of UV radiation could
destroy HNCO and OCS in the absorbing material. Due to the ex-
tremely high densities of the LMH and “h” hot cores (Belloche et
al. 2008, 2014), even X-ray radiation is well shielded. However,
c© 2015 RAS, MNRAS 000, 1–30
A 7 mm line survey of Sgr B2 13
HNCO and OCS exhibit widespread distributions to the west of the
core (Jones et al. 2008). In this material, we expect that the X-ray
field is more typical of the bulk of material in Sgr B2. This expecta-
tion is consistent with the prevalence of the X-ray tracer CN in the
material to the west of the core (Jones et al. 2008). The widespread
distributions thus suggest that X-ray radiation is not responsible for
destroying HNCO and OCS; as such, we interpret the ATCA dis-
tributions of CS, OCS, and HNCO as suggesting the presence of a
strong UV radiation field in the absorbing gas.
Additional support for a strong UV radiation field in the ab-
sorbing material follows from the results of §5.1. First, the highly
subthermal excitation indicates that the material is sub-critically
dense, with densities typical of PDRs. Without an excitation analy-
sis, it is possible to estimate an upper limit of n. a few× 105 cm−3
using the critical densities of energy states that had undetected tran-
sitions in the 30 - 50 GHz range with high quantum line strengths.
Hu¨ttemeister et al. (1995) determined an upper limit to the den-
sity of the absorbing gas of n <104 cm−3 based on the fact that
the HC3N J = (3-2) transition is in absorption instead of emission,
and independently based on an analysis of the (1,1) through (6,6)
NH3 inversion transitions. However, the latter estimate may not
hold if the H3O+ formation pumping excitation mechanism pro-
posed in Lis et al. (2012) proves effective for NH3. Densities of
103< n< 105 cm−3 are typical of PDRs (Teilens et al. 1993; Hol-
lenbach & Teilens 1997), and densities of n≈ a few × 105 cm−3
are reasonable in the hot, supremely dense environment at the core
of Sgr B2(N). In section §5.1, we determined that both absorbing
gas components appear to be local to the star forming cores rather
than in the extended envelope material, with the low velocity gas
possibly closer to the interface of the HII regions. If the absorbing
gas clouds are proximate to the HII regions, it is not only reason-
able, but structurally required, that they are or contain PDRs.
Second, the species l-C3H+ is detected in the absorbing ma-
terial, but not in the hot core. To date, l-C3H+ has only been firmly
detected in the Horsehead Nebula, the Orion Bar, and Sgr B2(N),
despite a deep search towards multiple hot cores, hot corinos, and
dark clouds (Pety et al. 2012; McGuire et al. 2013, 2014). Addi-
tionally, the species was not detected in molecule-rich UV-shielded
core in the Horsehead Nebula (Pety et al. 2012). The species is
clearly associated with UV-irradiated gas, and its detection in the
low and high velocity gas towards K6 supports the hypothesis that
both gas components are PDR sources.
Finally, a few of the organic species detected in the absorbing
clouds were recently reported to be highly abundant in a PDR envi-
ronment (Gratier et al. 2013; Guzma´n et al. 2014). CH3CN, HC3N,
H2CCO, and CH3CHO were observed in the Horsehead PDR with
abundances enhanced by a factor of 1 - 30 as compared to abun-
dances in the UV-shielded core in the Horsehead. While the species
are known to be abundant in multiple distinct environments, their
detection in the absorbing material in Sgr B2(N) is consistent with
the absorbing material being a PDR.
The data and discussions in this work thus support a structure
in which molecular gas at 50< vLSR< 70 km s−1 is located on the
interface of the HII regions at the core of Sgr B2. This gas compo-
nent is UV-irradiated by the O-stars that power the HII regions, and
may mechanically interact with the HII region, particularly towards
K6 where the shell-shaped HII region is thought to be expanding.
The high velocity cloud (70< vLSR< 85 km s−1) is also close to
the core, although it may not be as deeply embedded as the low
velocity material. It may be actively colliding with the low velocity
cloud consistent with a cloud-cloud collision scenario (Hasegawa
et al. 1994), although additional evidence is required to verify this.
Based on the detection of l-C3H+ and the nearly complete deple-
tion of OCS and HNCO, it appears that both absorbing clouds are
PDRs. This hypothesis should be further tested via comparison to
high spatial and, ideally, high spectral resolution observations of
neutral and ionized carbon, sulfur and oxygen.
However, merely calling the gas clouds PDRs is an over-
simplification. The clouds contain supersonic turbulence requiring
shocks, have a high X-ray flux, and likely have an enhanced cos-
mic ray flux as compared to most Galactic sources. It is quite pos-
sible that a different factor drives the chemistry of different groups
of species; for instance, the strong X-ray flux may produce radi-
cals that drive the chemistry of imine molecules (with an X=N–
H group), whereas UV radiation may drive the sulfur and carbon-
chain chemistry and selectively destroy certain molecules. Mean-
while, shocks may liberate silicon-bearing species and dust mantle
species to be processed in the soup of ionic, atomic, and molecular
gas.
Regardless of the physical parameters driving the formation
of each species, the extracted spectra suggest that a multitude
of organic molecules, including nitriles, aldehydes, alcohols, and
imines, either form or persist in the presence of UV irradiation,
X-ray radiation, and shocks. While we expect that some of the ob-
served species will not prove ubiquitous in more typical Galactic
PDRs, all of the detected species can at least survive moderate UV
radiation fields and are promising targets for exploring the chemical
complexity in PDRs.
6 CONCLUSIONS
We completed a 7 mm spectral line survey of Sgr B2(N) with the
ATCA. The data provide:
(i) the largest catalog of radio recombination lines observed with
an interferometer
(ii) the 30 - 50 GHz spectrum of the most line-rich interstellar
source in the Galaxy, namely the LMH hot core
(iii) a comprehensive picture of the chemistry, excitation, and
kinematic structure of clouds of molecular gas in Sgr B2
(iv) new insight into the chemistry and structure of “diffuse”
clouds observed in the line-of-sight towards Sgr B2.
Continuum images and continuum-subtracted spectral line
data cubes are available at at http://cdsarc.u-strasbg.fr/viz-
bin/qcat?J/MNRAS/. Spectra extracted from five positions,
including the LMH and “h” hot cores and three HII re-
gions are made available in the online journal and at
https://github.com/jfc2113/MicrowaveLineFitter. Upon ex-
traction from the data cubes, the spectra have had a primary beam
correction and a baseline correction applied (Figure 2).
In this work, we developed and applied PYTHON scripts to fit
the line emision and absorption in 1-d spectra extracted from the
data cubes at the positions of three HII regions in Sgr B2. The code
provides a purely empirical output rather than comparing with a
model, as this was deemed most appropriate at centimeter wave-
lengths where line radiation is often nonthermal. The code then
compares with output generated by Splatalogue or another line cat-
alog after minor formatting. The code is described in §3, released
in Appendix A, and available at the same locations as the extracted
spectra.
The code was applied to spectra extracted from three unique
spatial positions, namely K6, L, and K4, characterised by recom-
bination line emission and molecular line absorption at multiple
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velocity components. The performance of the code was evaluated
based on the handling of 65 recombination line profiles and 90
molecular absorption lines, observed against the free-free radio
continuum emission. Typical errors on the fits were significantly
lower than the channel width in this survey. Approximate errors are
summarized in Table 7.
Using the output of the line-fitting script, the molecular in-
ventories of two primary velocity components of absorbing gas
were determined and the approximate excitation conditions were
characterised, showing that the gas clouds that give rise to the ab-
sorption are highly subthermally excited (TEx ∼ 10 K Tkin).
Line radiation was then inspected using the relative line strengths
in different gas components to determine whether the molecular
line radiation is self-consistent at distinct spatial positions (Figure
14). This methodology can determine the chemical similarity be-
tween clouds at different spatial positions or velocities under con-
ditions of similar excitation conditions, and the method could be
quantified to further establish the degree of similarity. In the era
of broadband spectral line observing, the method could be highly
useful for quickly determining if observed clouds are chemically
distinct and demonstrating relative enhancement of different fami-
lies of molecules. The application of this method toward a variety
of sources is necessary to determine its utility.
We applied the method to the ATCA data in order to test
whether the molecular gas radiation is consistent with an extended
distribution that is not interacting with the local structure of the
core, as would be expected if the absorbing gas is in the envelope.
We determined that in both primary velocity components, the three
spatial regions show statistically significant differences in their line
radiation, indicating differences in either line excitation or gas-
phase molecular abundances. Many of the differences appear to
be due to relative gas-phase abundance differences. The molecu-
lar gas in the low velocity component proved more highly variable,
indicating that it may be subjected to more localized conditions
and therefore located deeper within the star-forming core. It may
be on the interface of the HII regions, potentially interacting me-
chanically and radiatively with the structure of the HII regions. In
agreement with cloud-cloud collision scenarios, the 82 km s−1 gas
is likely located further from the core. However, required pieces of
observational evidence for the proposed structure remain unavail-
able, particularly high spatial (few arcsec resolution) and spectral
(10 - 25 km s−1) resolution images of atomic and ionic lines of
carbon, oxygen, and sulfur.
Additionally, the chemistry observed in translucent clouds
in the line-of-sight to Sgr B2 was briefly discussed. The data
contain line-of-sight absorption by transitions of ∼15 different
molecules, including transitions from NH2CHO, which was previ-
ously not observed in translucent gas. An absorbing component at
∼0 km s−1 proved to vary significantly in its optical depth across
the spatial field, revealing that it contains significant density struc-
ture.
Finally, we discussed the spatial distributions of a few detected
molecular species providing evidence for chemical differentiation
between species including SiO, HNCO, OCS, CS, CCS, and addi-
tional CS-bearing molecules. We explored the implications of the
spatial distributions for the physical environments of the molecu-
lar gas. The observed distributions and physical structure indicate
that both primary absorbing gas components are likely PDR envi-
ronments, although shocks, high X-ray fluxes, and high cosmic ray
fluxes may have equal influence on the observed chemistry. The
data reveal that molecules including (1) silicon-bearing species,
(2) sulfur-bearing species, (3) carbon chain molecules, (4) multi-
ple classes of oxygenated species including aldhydes and alcohols,
(5) nitrogen species of pre-biotic importance including nitriles and
imines are abundant in the exotic PDR environments.
This work highlights only a small fraction of the scien-
tific capacity of the dataset presented and provides a tool to en-
able researchers to accomplish additional projects. Towards the
HII regions, follow-up work including multi-transition analyses of
molecules are facilitated by the full-spectrum line identifications
provided herein. Furthermore, the data complement existing single
dish data covering the same frequency range, namely the PRIMOS
survey (Neill et al. 2012). Finally, the spectra extracted from the
LMH and “h” are very line-dense and they remain uncharacterised.
These spectra will provide unprecedented detail on hot core chem-
istry in Sgr B2(N).
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Table 1. Log of ATCA observations showing the arrays and CABB tunings.
UT Date Array Freq. A1 Freq. A2 Freq. B1 Freq B2
(GHz) (GHz) (GHz) (GHz)
2011 Oct 21 H75 47.40 49.25 43.70 45.55
2013 Apr 3 H214 30.75 32.60 34.45 36.30
2013 Apr 4 H214 38.15 40.00 41.85 43.70
Table 2. Root mean squared (1σ) noise level in spectra extracted from K6,
L, and K4
Center Freq Beamsize σRMS (µJy arcsec−2)
(GHz) arcsec × arcsec K6 L K4
30.75 6.3× 4.7 58 64 55
32.60 5.9× 4.4 54 71 54
34.45 5.7× 4.0 61 74 51
36.30 5.2× 4.0 70 80 62
38.15 5.1× 3.7 72 105 66
40.00 4.7× 3.6 100 124 81
41.85 4.6× 3.6 82 131 76
43.70 4.4× 3.4 132 179 108
45.55 13.0× 8.9 53 83
47.40 11.9× 8.7 51 88
49.25 11.2× 8.5 70 148
Table 3. Coordinates of regions from which spectra were extracted.
Region Ellipse Shape
RA Center Dec Center ∆RA ∆Dec
(arcsec) (arcsec)
K6 17h47m20.s58 -28◦22′13.′′2 4.9 3.3
L 17h47m22.s68 -28◦21′56.′′1 6.8 4.8
K4 17h47m20.s07 -28◦22′04.′′9 5.9 3.8
LMH 17h47m19.s93 -28◦22′18.′′2 6.8 4.6
“h” 17h47m19.s87 -28◦22′13.′′6 4.1 3.4
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Table 4. Sample page of table providing line identifications and Gaussian fit parameters towards K6. See Appendix C for full tables towards K6, L, and K4,
and for a full description of labeling conventions.
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
29853.31 U —— 64.0 0.20 19.7 4.3
29901.40 CH3OCH3 110-101EE/AA/AE/EA 64.2 -0.64 20.2 -13.9
29914.49 NH3 (11,11) 83.4 -2.51 12.5 -29.5
64.6 -4.96 15.9 -83.5
11.3 -0.52 18.6 -11.4
29956.11 U —— 64.0 -0.23 20.1 -4.9
29971.48 Hydrogen H(75)β 84.6 1.20 26.2 33.6
61.8 1.82 32.3 62.7
29979.38 t-CH3CH2OH 312-303 [1]81.2 0.41 12.5 5.5
62.0 -0.29 11.5 -3.6
30001.55 SO 10-01 84.4 -11.73 13.5 -150.3
64.2 -27.56 15.4 -451.7
8.9 -1.25 21.2 -30.5
-32.4 -0.27 22.9 -6.5
-106.3 -0.54 10.9 -6.3
30180.60 NaCN/NaNCBC 212-111 74.4 -0.19 20.4 -4.2
30239.76 U —— 64.0 -0.22 16.1 -3.8
30256.04 U —— 64.0 -0.17 28.6 -5.1
30500.20 Hydrogen H(85)γ 72.9 0.90 37.3 35.6
51.1 0.38 18.6 7.5
30513.96 Hydrogen H(106)ζ 79.1 0.29 46.4 14.4
30707.38 Hydrogen H(93)δ 74.3 0.43 49.7 22.7
30722.67 U? —— 64.0 0.22 90.9 21.3
31002.30 CH3CH2CHO 321-212 65.9 -0.25 33.6 -8.9
31106.15 CH3OCH3 211-202EE/AA/AE/EA 65.1 -1.06 23.2 -26.1
31186.68 Hydrogen H(74)β 66.8 2.23 39.9 102.6
31199.39 Helium He(74)β 73.5 0.22 36.9 8.7
31223.31 Hydrogen H(59)α 78.3 7.51 29.2 233.7
55.7 5.95 23.1 146.5
31236.04 Helium He(59)α 89.7 0.32 16.6 5.7
65.3 0.71 34.8 26.2
31262.33 NaCN/NaNC 202-101 62.0 -0.66 15.8 -11.1
31424.94 NH3 (12,12) 84.5 -2.50 13.3 -35.5
65.2 -7.30 19.4 -150.5
8.2 -0.56 25.6 -15.4
31482.38 Hydrogen H(99) 75.6 0.31 45.0 14.8
31583.40 Hydrogen H(84)γ 77.7 0.84 33.4 30.0
51.2 0.49 23.6 12.2
31698.47 Hydrogen H(92)δ 68.7 0.28 33.6 10.1
31727.07 cis-CH2OHCHO 523-514 77.6 -0.25 13.7 -3.6
60.9 -0.26 11.7 -3.2
31833.03 cis-CH2OHCHO 624-615 61.2 -0.22 20.1 -4.8
31911.20 CH3CH2CHO 321-220 65.4 -0.27 10.0 -2.9
31951.78 HC5N 12-11 84.8 -0.34 8.6 -3.1
64.2 -1.78 12.6 -23.9
32373.67 NaCN/NaNC 211-110 62.8 -0.29 28.1 -8.6
32398.56 13CH3OHMaser 4−1,4-303 82.3 0.93 12.6 12.5
62.8 0.40 10.7 4.6
32432.32 Hydrogen H(98) 74.0 0.26 44.3 12.1
32468.48 Hydrogen H(73)β 78.2 1.92 32.8 66.8
55.1 1.36 23.8 34.4
32627.30 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1f 63.7 -0.50 17.2 -9.2
14.5 -0.16 12.0 -2.1
[2]-2.5 -0.31 18.8 -6.1
32640.21 U —— [3]64.0 -0.31 26.2 -8.7
32627.30 l-C3H J= 32 -
1
2
Ω= 1
2
F=2-1f -108.5 -0.20 21.1 -4.5
32660.65 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1e 62.6 -0.66 11.7 -8.3
32663.38 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=1-0e 61.8 -0.19 10.5 -2.1
32660.65 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1e 17.4 -0.20 24.8 -5.3
[4]-2.1 -0.33 14.7 -5.2
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Table 5. Best fits to the composite average of recombination line transitions. The errors quoted are from the diagonal terms of the covariance matrix. However,
the matrices contain significant covariance terms, causing the error to be highly overestimated. Fits to the composite average of Hα and Hβ transitions agree
to a precision that is significantly smaller than the covariance matrix output.
Region Species Gaussian Component 1 Gaussian Component 2 Height Ratio
Height Velocity Width Height Velocity Width H1/H2
(mJy arcsec−2) ( km s−1) ( km s−1) (mJy arcsec−2) ( km s−1) ( km s−1)
K6 Hα 7.1±1.0 59.3±3.1 28.0 ±3.9 5.7 ±1.1 83.6±3.7 27.0±4.4 1.37
Hβ 1.9 ± 1.2 59.7 ± 17 30.0 ± 24 1.4 ± 1.9 84.2 ± 20 27.2 ± 21 1.25
Heα 0.67 ± 0.28 60.7 ± 10 23.5 ± 21 0.51 ± 0.35 85.6 ± 12 19.8 ± 23 1.31
L Hα 7.3 ±0.3 76.6 ±0.4 24.9 ±1.0
Hβ 2.0 ±0.3 76.5 ±1.6 25.3±3.8
Heα 0.63 ± 0.27 76.1 ± 4.8 22.4 ± 11
K4 Hα 2.5 ± 0.3 65.0 ± 2.5 28.4 ± 5.8 0.35 ± 0.26 100.3 ± 17 27.8 ± 44 7.1
Table 6. Mean parameters and standard errors of fits to Hα - γ transitions. Parameters are calculated from 1-component fits towards L, 2-component fits
towards K6, and 1-component fits towards K4.
Region Number of Fits Gaussian Component 1 Gaussian Component 2 Height Ratio
Velocity Width Velocity Width H1/H2
( km s−1) ( km s−1) ( km s−1) ( km s−1)
K6 25 58.9 ± 0.8 28.7 ± 1.1 84.7 ±0.8 27.2±1.2 1.36±0.10
L 26 76.3 ± 0.2 26.3 ± 0.7
K4 14 66.2 ± 0.5 32.1 ± 1.4
Table 7. Recommended errors to fits to the ATCA data output by the automated line fitter.
Line Type S:N Regime σv σ∆v σHeight
( km s−1) ( km s−1) (%)
2-Component Recombination Lines
Primarily Hα & Hβ S:N >15 3.6 4.9 25
Primarily H γ, H δ & Heα 5<S:N< 15 5.0 6.9 40
1-Component Recombination Lines S:N >5.4 1.1 2.3 12.5
1- & 2-Component Molecular Lines S:N >5.4 1.1 2.3 12.5
Table 8. Kinematic measurements of molecular gas towards K6, L, and K4 from lines in the 25th - 90th percentile signal-to-noise ratio.
Region Low Velocity Component High Velocity Component Height Ratio∗
N Velocity Width N Velocity Width H1/H2
Fits ( km s−1) ( km s−1) Fits ( km s−1) ( km s−1)
K6 90 63.5± 0.1 13.1± 0.3 39 81.9± 0.2 11.0± 0.3 3.2±0.3
L 47 56.3± 0.2 14.1± 0.4 29 75.9± 0.3 12.0± 0.6 1.6± 0.3
K4 30 61.8 ± 0.5 14.9± 0.7 20 82.0± 0.5 15.3± 0.6 1.0± 0.1
∗The height ratio is determined from lines that have both a high and low velocity component.
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Figure 1. Continuum image of Sgr B2(N) and L at 40 GHz showing the
elliptical regions from which spectra were extracted. The dashed line arcs
point out the K5 and K6 shell-shaped HII regions. The synthesized beam
shape is shown in the lower left corner.
Figure 2. A segment of the full spectral coverage towards K6. a. shows the
spectrum extracted from the data cubes and b. is the spectrum after baseline
removal using a Hodrick-Prescott filter.
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Figure 3. 40% and 80% integrated line emission contours over 40 GHz continuum illustrate the two most common distributions of molecular line radiation.
a. CH2CN (2 - 1), CH3CHO (202 - 101), and Z-CH3CHNH (202 - 101) are observed in absorption (dashed contours) preferentially towards the K5 and
K6 shells. b. NH2D (313 - 303), CH3CH2CN (431 - 330), and SO2 (193,18 - 183,15) are detected in emission towards the LMH hot core, and NH2D and
CH3CH2CN are detected in emission towards “h”. The central positions of the elliptical regions from which spectra were extracted are indicated by the
crosses. The synthesized beam shapes for the continuum (thin black ellipse) and spectral lines (colored ellipses) are shown in the lower left corner.
Figure 4. A representative segment of spectra extracted from all five regions targeted in this study. Whereas the LMH and “h” have line-dense spectra dominated
by molecular line emission, K4, L, and K6 have lower line densities with molecular lines observed in absorption and recombination lines in emission.
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Figure 5. A sample page of the full data spectrum extracted towards K6 with line identifications labeled and the output of the automated line-fitter overlaid.
See Appendix B for full figures for K6, L, and K4.
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Figure 6. Hydrogen and Heliumα recombination lines towards K6. Profiles of the H(59) - H(53)α transitions, extracted from high spatial resolution data, show
a double peaked profile, whereas the H(52) and H(51)α transitions are well fit by a single component. The averaged profile is best fit by a Gaussian centered
at 59 km s−1 and a weaker component at 84 km s−1. The solid and dashed vertical lines represent the H and Heα transitions at 75 km s−1 respectively.
Figure 7. Hydrogen and Heliumβ recombination lines towards K6. Profiles of the H(75) - H(66) β transitions, extracted from high spatial resolution data, show
a double peaked profile, whereas the H(65) and H(64)β transitions are well fit by a single component. The averaged profile is best fit by a Gaussian centered
at 60 km s−1 and a weaker component at 84 km s−1. The solid and dashed vertical lines represent the H and Heβ transitions at 75 km s−1 respectively.
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Figure 8. Hydrogen and Heliumα recombination lines towards L are best fit by a Gaussian at 76.5 km s−1. The solid and dashed vertical lines represent the
H and Heβ transitions at 75 km s−1 respectively.
Figure 9. Hydrogen and Heliumα recombination lines towards K4 show unusual line shapes that are highly sensitive to the spatial resolution of the image
from which they were extracted. The lines are typically best fit by two primary components. In addition, a weaker wing component appears at ∼100 km s−1.
The solid and dashed vertical lines represent the H and Heβ transitions at 75 km s−1 respectively.
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Figure 10. Velocity center of H α - γ transitions fit towards L, K6, and K4. a. includes transitions towards K6 that were fit with 2 Gaussian components; b.
includes unblended transitions towards L; c. includes all transitions towards K4. Components with v > 80 km s−1 towards K4 are fitting a high velocity wing
that is not a primary components of the line profile.
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Figure 11. Channel maps of the H(53)α transition at 42951 MHz shown in contours over the 40 GHz continuum in greyscale. The synthesized beams for the
continuum and line images are shown in the lower left corner. The figure shows a strong velocity gradient from the NW to the SE of K4. The crosses mark
the center positions of the regions selected for K4 and K6 (at the base of the K6 shell) and indicate the peak position of the 90 km s−1 gas. Notice the offset
positions of high and low velocity gas on the K6 shell and the velocity gradient observed at K4.
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Figure 12. Kinematic parameters of molecular line fits output by the automated line fitter. 1-component fits shown include fits with a signal-to-noise ratio in
the 25th to 90th percentile of all unblended 1-component fits. 2-component fits shown include unblended transitions in which the low velocity component has
a signal-to-noise ratio in the 25th to 90th percentile of the low velocity components of all 2-component lines.
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Figure 13. Line profiles of CH3CHO 211-110E (39362 MHz), CH3CH2CN 404-303 (35722 MHz), CH2NH 111-202 (33704 MHz), and H2CS 101-000
(34351 MHz) reveal differences in the line optical depth ratios between all spatial positions and all velocity components. The data (cyan) are overlaid with the
automated line fits (black), and vertical dotted lines indicate the velocities associated with the low and high velocity gas towards each spatial region as reported
in Table 8. a. In K6, while CH3CHO and CH3CH2CN have similar line profiles, the selected transition of CH2NH has a comparatively enhanced line strength
in K6: 82 km s−1. Further, the line radiation by H2CS in the K6: 82 km s−1 is significantly depleted to below the detection threshold. Towards L (b.) and K4
(c.) the line profiles vary significantly, and line strengths do not scale linearly with the strengths observed towards K6. The scale of the ordinate is the same for
each line towards all three regions, and the scale is set relative to the normalised line height in the K6: 62 km s−1 component. The root-mean-squared values
of the extracted spectra are shown in the lower left corner of each panel.
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Figure 14. Line height ratios with respect to the K6: 64 km s−1 component indicate statistically significant differences in gas phase molecular abundances
or excitation between different spatial positions. In the plot, the abscissa shows the line height-to-continuum ratios of lines detected in K6: 64 km s−1. Given
the low excitation temperatures observed in this gas and the high background continuum temperature, this provides a proxy of the line optical depth towards
K6: 64 km s−1. The ordinate provides the normalized line ratios (NLRs) of the lines in the relevant gas component with respect to K6: 64 km s−1. For
all but the strongest lines, the y-axis values are proportional to the line optical depth ratio with respect to K6: 64 km s−1. The median ratio is represented
with the dashed line, and shading indicates the ±3σ range. Represented data only include lines within the high spatial resolution portion of the spectrum
(from 30 - 44.6 GHz) for selected families of molecules. Species are numbered as follows: 1 - 4 are SiO, 29SiO, 30SiO, and SiS. 5 - 9 are sulfur-bearing
species SO, CCS, HCS+, H2CS, and OCS. 10 - 16 are nitrile species HC3N, CH3CN, CH2CN, CH2CHCN, CH3CH2CN, HC5N, and CCCN. 17 - 21 are
aldehyde species NH2CHO, CH3CHO, CH3OCHO, cis-CH2OHCHO, and t-CH2CHCHO. 22 is NH3. 23 - 27 are non-aldehyde oxygenated species H2CCO,
c-H2C3O, H2COH+, CH3OCH3, and t-CH3CH2OH. 28 is the imine species CH2NH. Note that the apparent slope towards the low optical depth segment
of the panels is related to the detection limit; because K6: 64 km s−1 has the highest optical depth, lines that are weakly detected towards K6: 64 km s−1 are
detected towards other components only if they have higher than the median line optical depth. This does not imply that these points are unreliable, but implies
that the lower left corners of each panel are below the detection threshold.
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Figure 15. Integrated line contours of the (1-0) transitions of SiO isotopologues are anticorrelated with the 202-101 transition of HNCO. a. 29SiO, 30SiO,
and Si18O are observed in absorption (dashed contours) against the continuum and exhibit no emission associated with the hot cores. b. HNCO is present in
emission towards the LMH and “h” hot cores. A very weak absorption feature (with a contour at 2.5% of the peak line strength) is detected slightly north of
K6. The crosses indicate the center positions of the elliptical regions from which spectra were extracted. The synthesized beams for the continuum and line
images are shown in the lower left corner.
Figure 16. Integrated line contours of H2CS (101-000), CCS (32-31), and OCS (3-2). a. H2CS and CCS are observed in absorption (dashed contours) against
K4, K5, K6, and L, with no detected emission from hot core regions. Contour levels are at 20, 40, 60, and 80 % of the peak line strength. b. OCS appears in
emission from the hot core regions, the LMH and “h”, with very weak absorption observed towards K6 and near K4. The contour levels are at 4.5, 7, 20, 40,
60, and 80 % of the peak line strength. The crosses indicate the center positions of the elliptical regions from which spectra were extracted. The synthesized
beams for the continuum and line images are shown in the lower left corner.
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This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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APPENDIX A
AUTOMATED LINE FITTER CODE RELEASE
All scripts used for automated line fitting and semi-automated line
identification are provided in the online journal and in GitHub
at https://github.com/jfc2113/MicrowaveLineFitter. We provide in-
structions for use including a description of the input and output
files and system requirements.
The scripts have been tested in IPYTHON version 0.12.1 with
PYTHON 2.7.3, NUMPY 1.6.1, and MATPLOTLIB 1.1.1rc. PYTHON
2.7.3 includes the MATH and CSV modules that are used in the
scripts.
The packaged file provided in the journal includes eight
scripts, spectra characterized in this work, and csv files holding line
data. Two of the scripts are run directly, namely ‘FullCode.py’ is
run before ‘VelocityFileMaker.py’. After optional adjustments by
the user, ‘VelocityFileMaker.py’ uses the output of ‘FullCode.py’
to generate a final csv file that contains Gaussian fits to the full
spectrum and line identifications. Of the remaining six scripts, five
contain modules called in ‘FullCode.py’. The modules and their
primary purposes include:
• ‘LineFind.py’ grabs segments of the spectrum that contain
lines, detecting “line-channels” with single-channel intensity val-
ues greater than σrms× an input threshold. The module also se-
lects a set number of channels on either side of line-channels. The
number of neighboring channels has a default value of 5, but can
be adjusted when LineFind is called.
• ‘FTinterp.py’ interpolates a segment of the spectrum, out-
putting a spectrum with a factor of 3 improvement in the spec-
tral resolution. It performs the interpolation by Fourier-domain zero
padding. This should only be used for data with poor spectral reso-
lution compared to the linewidths.
• ‘Gfit.py’ provides the most essential functionality; through
‘FullCode.py’, the function Gfit.GauFit is passed a single segment
of the spectrum that contains one or more lines. Gfit.GauFit returns
a 1- or 2-component Gaussian fit to a spectral feature within the
segment. The script selects a specific portion of the line-containing
segment and first attempts a one-component fit. It then follows
an algorithm to adjust the section of the segment used for line-
fitting and re-fit 1-component Gaussians. It passes information to
‘G2criteria.py’, which evaluates the fit against a set of criteria to de-
termine whether a 2-component Gaussian fit is justified. The output
of G2criteria determines whether Gfit.GauFit fits a 2-component
Gaussian, following an algorithm to adjust the section used for line-
fitting and attempting 2-component Gaussian fits.
• ‘G2criteria.py’ determines if a 2-component Gaussian fit is re-
quired. Gfit.GauFit provides G2criteria with information about the
data and the best 1-component Gaussian fit achieved; G2criteria
then determines if the data differs significantly from the 1-
component fit, requiring a 2-component fit. G2criteria takes into
account the signal-to-noise ratio of the line in question and the de-
gree to which the data differs from the 1-component Gaussian fit.
The primary factors considered include (1) the difference between
the position of the absolute maximum of the data and the position
of the 1-component Gaussian center; (2) the maximum residual be-
tween the data and the fit, compared to the rms noise level at that
frequency tuning; (3) the mean residual between the data and the fit,
compared to the rms noise level; (4) the width of the fit compared
to the typical width of features. The criteria, mostly empirically
determined, works very well for this dataset. However, we advise
inspecting results obtained on other datasets carefully and likely
adjusting the criteria, as they will change with the parameters of
the data.
• ‘LineID.py’ provides semi-automated line identification of
features fit over the full spectrum. FullCode compiles the output
of Gfit.py and passes it to LineID, along with one or two csv files
containing spectral line catalog data. The input csv files can quickly
and easily be output from the ALMA Spectral Line Catalogue -
Splatalogue2 after selecting a set of molecules that might appear in
your spectrum.
FullCode manages the full data spectrum, compiles the re-
sults of Gfit.GauFit, and calls LineID to output the data. All of the
modules except G2criteria are written to be easily tunable, and the
main parameters that users will want to adjust are specified and
explained in the first section of FullCode. These parameters in-
clude: whether the results should be output; what plots should be
produced; the names of input files; whether data interpolation is
desired; information about the source including guidelines for ap-
propriate linewidths and line velocities; and information about the
data structure (e.g. how many separate data sections are in a single
spectrum; in this work, the line-fitter inspected a spectrum includ-
ing 11 tunings, each of which had different σrms noise levels. If
all tunings have the same noise level in the intensity units you are
using, they can be treated as a single section).
FullCode requires a spectrum input in standard ascii for-
mat with frequency and baseline subtracted intensity. The file
‘K6 fullSpec.txt’, provided with the scripts, is in the correct format.
If the user chooses to perform line identification, the script requires
files containing recombination line or molecular line data output
in csv format from any spectral line catalog. The line data should
be formatted similarly to the files ‘recombLines.csv’ and ‘molecu-
larLines.csv’, provided. If your source has recombination lines, we
recommend preserving the file name of ‘recombLines.csv’, but in-
cluding lines that are relevant for your frequency range. All csv files
read into the code should be text csv files with UNICODE UTF-8
characters and a colon (:) as the field delimiter. The code outputs
csv file data with this format as well.
FullCode plots the full data spectrum with the line fits over-
laid, marking the locations of lines from the input catalogue data
that are near the fit frequency centers. The code can output a csv
file containing Gaussian line fits and possible line assignments.
This output of FullCode is named ALLFITS (r).csv, where (r) is
the name of the source or region targeted. It contains:
• Gaussian line fit parameters (height, center frequency, and
width in frequency units) of all features.
• two measures of the quality of the fit. First, the rms residual
between the data and the fit; second, for 1-component fits, the file
provides the offset between the frequency at which the data has its
maximum absolute value and the Gaussian center frequency. Fits
with abnormally large values may be suspect.
• the ‘bin’ indicates how the line was handled in Gfit.GauFit.
Lines with bin = 0 are 1-component fits that were deemed appro-
priate. Lines with bin = 1 are 2-component fits that were found to
be reasonable. For lines with bin = 2, the data significantly differed
from the best 1-component fit obtained, however Gfit.GauFit was
unable to obtain a reasonable 2-component fit and therefore used
the best 1-component fit obtained. These should be inspected and
possibly re-fit manually. For bin = 3 lines, the residual between the
data and the fit is significantly larger than the noise level of the
2 Available at www.splatalogue.net; Remijan et al. (2007)
c© 2015 RAS, MNRAS 000, 1–30
A 7 mm line survey of Sgr B2 33
spectrum. These should be inspected and possibly re-fit manually.
Bin = 5 lines are entirely unreasonable, with very broad line widths
or unreasonable line heights. They are used as placeholders to en-
able the code to proceed, and they will need to be re-fit. Of 617
components used to fit the spectrum towards K6, 360 have bin = 0,
242 have bin = 1, 1 has bin = 2, 12 have bin = 3, and 2 have bin =
5.
• possible atomic or molecular carriers of the detected Gaus-
sian features. The output file lists any transitions from the input re-
combLines.csv and molecularLines.csv files that are within a spec-
ified velocity range of the detected features. It does not choose the
most probable line at this step, but does so when the second code is
run. These can be prioritized before running VelocityFileMaker.py
to obtain the final line results.
Upon inspection of the results and manual updates to any bad
fits, run VelocityFileMaker to generate a final output csv file con-
taining line identifications and Gaussian fit parameters, with pa-
rameters listed in velocity space. VelocityFileMaker generates an
output csv file entitled ‘velocity ALL (r).csv’. The file contains
line rest frequencies, species, transitions, Gaussian fit velocities,
heights, widths (in velocity units), center frequencies, and line
types.
Before running VelocityFileMaker, edit parameters in
‘velEDIT.py’. Specify the names of the positions from which you
extracted spectra, csv file input names, and velocity ranges that
are appropriate for different types of lines, including recombina-
tion lines, molecular lines from the primary source, and additional
lines observed in absorption by foreground diffuse or translucent
clouds. The latter are only relevant in some lines-of-sight.
The code implements primarily kinematics-based consistency
checks for line identifications, and can use one or two optional in-
put csv files to prioritize line identifications. In order to minimize
mis-identification, the final line-identification process operates on
a priority system as follows:
• Priority 1: The code first inspects identified recombination
lines for kinematic consistency and consistent line-intensities. This
step requires a sufficiently large number of recombination lines to
work well (>10 high signal-to-noise lines or >20 lines recom-
mended), as it derives the mean Gaussian fit parameters and stan-
dard deviations in order to evaluate consistency. Lines that are self-
consistent with the mean and standard deviations are output as firm
line identifications, and assigned a “LineType” of either “H Re-
comb” or “He Recomb”. The script is not presently equipped to
handle carbon recombination lines or absorption by recombination
lines, but could be easily adjusted to do so. Features that are incon-
sistent with recombination lines include absorption lines, features
that are significantly more broad or narrow than the mean, features
that are too far from the mean center frequency, and lines that are
significantly too strong or weak (e.g. an H γ line is as strong as
most Hα lines). These may be output as tentative line identifica-
tions, which the user should inspect for line blending or data issues.
If you do not have recombination lines, the code will simply move
to Priority 2.
• Priority 2: The user has the option of specifying a file entitled
‘strongLines.csv’. (Of course, the file name can be changed per the
users preference). The file “strongLines.csv” contains the strongest
lines, which can be firmly identified prior to identifying weaker
molecular lines. Lines that fall within the velocity range set in the
function vEDIT.strongVrange are output as firmly identified, and
assigned “LineType = strong”. Verify that the first two columns of
your strongLines file are formatted the same as the file included in
the package.
• Priority 3: The user can use a file entitled ‘SAClines.csv’,
which indicates which transitions that may be observed in fore-
ground absorption by diffuse and translucent cloud material, of-
ten referred to as Spiral Arm Clouds (abbreviated SAC). The fore-
ground absorption components are at velocities that are inconsis-
tent with the targeted cloud, and must be constrained in VelocityEd-
itFile. Lines that fall within the velocity range set in the function
vEDIT.SACvRange are output as firmly identified, and assigned
the “LineType = SAC”. Verify that the first two columns of your
SAClines file are formatted the same as the file included in the
package.
• Priority 4: The code then assigns remaining lines tentatively
assigned in ALLFITS (r). In cases where multiple transitions are
near the Gaussian center frequency, the line with the best kine-
matic match to the velocity, as specified in VelocityEditFile, is
output. While this typically works well at centimeter wavelengths,
we recommend inspecting lines that have multiple line entries in
ALLFITS (r), especially at higher frequency. If the code gets the
“wrong” answer at this point, mark the line as blended, and con-
sider only keeping the preferred line in ALLFITS (r)
• Priority 5: Finally, the code outputs all fits that were not firmly
identified in Priorities 1-4. These are given a Line Type of “Uniden-
tified”. If a fit was associated with a known transition in ALL-
FITS (r), the transition parameters will be output so that the user
can decide whether or not to adopt the transition as identified.
While FullCode.py can fit most blended lines well, VelocityFile-
Maker does not handle identification of blended lines with much
sophistication; however the prioritization system significantly im-
proves the likelihood that most of the line radiation can be ascribed
to the identified carrier transition. The user is responsible for in-
specting the output of ALLFITS (r) and velocity ALL (r) to ensure
that any lines that may be blended (which should have multiple
transitions listed in ALLFITS (r)) are handled appropriately.
Within each priority, the script also handles wing components.
As described in §3.2, numerous spectral features are non-Gaussian,
including recombination lines, strongly masing lines, and optically
thick molecular lines. In FullCode, in which the line fitting is con-
ducted, after subtracting a best-fit 1- or 2-component Gaussian fits
from the raw data (called the primary component(s)), high signal-
to-noise lines may have wing components with intensities exceed-
ing the detection threshold. Such wing features, which are typically
weak as compared to the primary 1- or 2-component fit, are fit to the
residual. VelocityFileMaker selects these features to prevent them
from incorrectly being assigned to other molecular carriers or la-
belled as unidentified. Wing features are selected based on (1) their
separation from the primary line component as compared to the
width of the primary line component and (2) their height as com-
pared to the primary line component. If a feature meets either of
the following criteria, it is identified as a wing of an identified line
and the velocity is calculated with respect to the rest frequency of
that line. The criteria include:
(i) HFeature
HPrimary
< 0.22 and vFeature − vPrimary <∆vPrimary
(ii) HFeature
HPrimary
< 0.05 and vFeature − vPrimary < 1.5×∆vPrimary,
for the line heights, velocity centers, and FWHM widths H ,
v, and ∆vPrimary, respectively. These are assigned “LineType =
wing”. Within each priority, VelocityFileMaker identifies the pri-
mary components, which must be consistent with the kinematic in-
formation input, and then selects any wings associated with these
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lines. As such, the recombination lines and wings of recombination
lines are identified, followed by designated “strong lines” and the
wings of strong lines, etc.
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APPENDIX B
FULL SPECTRA AND LINE IDENTIFICATION FIGURES
The raw data spectra extracted towards K6, L, and K4 are provided
with the output of the line fitter overlaid and line identifications la-
beled. All data are frequency shifted to the nominal source velocity
of 64 km s−1. The following conventions are used in all figures.
Tentative identifications are noted with a ‘?’, as are unidentified
lines suspected to be artifacts. Strong masing transitions are marked
with ‘Maser’, blended lines are marked with ‘Blend’, and line fits
that have been adjusted from the output of the line fitter are marked
with ‘Adj’. In cases where the line-fitter determined a 1-component
fit that we suspect to be a 2-component transition with insufficient
signal-to-noise to be identified as such by the fitter, the species is
marked with ‘BC’.
For cases in which a transition has blended spectral structure
(such as blended transitions of A and E states), the listed transition
indicates what components are expected to be blended, with the
first listed component corresponding to the state that is strongest
or best matches the expected source velocity. The transition listed
first sets the rest frequency in Column 1 in the table provided in
Appendix C.
Recombination lines are marked at 75, 76, and 64 km s−1 for
K6, L, and K4, respectively. Identified molecular line components
are marked at the following velocity components:
K6: Primary velocity components are at 64 and 82 km s−1;
translucent cloud components are at 6, -30, -73, and -106 km s−1.
L: Primary: 56 and 76 km s−1; translucent cloud: 35, 20, -5, -35,
-75, and -106 km s−1.
K4: Primary: 62 and 82 km s−1; translucent cloud: 2 km s−1.
Tentatively identified velocity components of firmly identified
transitions are marked with a dashed pointer. For lines identified in
the high velocity gas but not in the low velocity gas, the low ve-
locity component is marked with a dotted line. Figure 17 illustrates
these conventions.
Notes on U-lines, Tentative U-lines, and Line Contamination
The figures and tables in Appendices B and C include firmly iden-
tified features, contamination from flux originating from other lo-
cations on the image (“contam”), tentatively identified features
(marked with a “?”), unidentified lines (marked with “U” in figures
and tables and referred to as U-lines), and tentative U-lines (marked
with “U?” in figures and tables and referred to as “U?-lines”).
Nearly all instances of line contamination are present in the
spectrum of K6 and are lines that originate in the LMH or “h”
hot cores. In spectra extracted from the high spatial resolution data
(29.8 to 44.6 GHz), the hot cores are sufficiently separated from
the elliptical region placed on K6. As a result, the line emission
from the hot cores does not generate artifacts in the spectra towards
the regions characterised here for frequencies ν < 44.6 GHz. In
this region of the spectrum, we have carefully inspected the images
and spectra to verify that strong lines in the hot cores do not have
imaging artifacts including negative bowls that are detected in K6,
K4, and L. In the spectra extracted from the low resolution data
(towards K6 and L), no imaging artifacts are observed towards L,
while 30 imaging artifacts are present in the spectrum of K6. The
authors have carefully inspected the images and spectra to verify
that these are properly handled. The instances of contamination oc-
cur more frequently in the lowest resolution image (from 44.6 -
46.5 GHz) than in any other image, as would be expected. In cases
where line absorption is observed towards K6 and line emission is
produced in the LMH and/or “h”, the line profiles in the low resolu-
tion spectra will not be representative of the true line flux towards
K6. For this reason, we excluded low resolution spectra from the
analysis of line ratios.
In addition to the imaging artifacts towards K6, a single fea-
ture is labeled as contamination towards L in the high spatial res-
olution portion of the spectrum. The methanol masing transition at
36 GHz appears as an absorption feature in the spectrum of L. In-
specting the image however, it is clear that imaging artifacts are im-
plicated, as the very strong masing transition has limited dynamic
range and image fidelity. We have inspected the images and spectra
to ensure that the masing features identified towards K4 and K6 ap-
pear to arise from these regions. No instances of line contamination
were observed towards K4.
Tentative U-lines (U?-lines) are features that meet the detec-
tion threshold, but upon inspecting the spectra and images, the
authors remain unconvinced that a real line is present. As noted
in §3.2, with the established threshold of 3.5σ, one channel in
2149 line-free channels should meet the detection threshold assum-
ing perfect baseline subtraction and frequency-independent noise
within each tuning. With minor baseline residuals, it is reasonable
to expect an average of ∼1 falsely detected feature per tuning. In
the spectra of K6 and L, composed of 11 tunings, we report 11
and 10 U?-lines respectively consistent with this expectation; in
the spectrum of K4, composed of 7 tunings, we report 11 U?-lines.
The number in emission and absorption are similar, as would be
expected for random noise and baseline variations.
As is typical of line surveys of Sgr B2, unidentified transitions
are detected in the spectra towards all three positions. However,
while a large fraction of detected lines are unidentified in most sur-
veys of the LMH hot core (see e.g. Belloche et al. 2013; Nummelin
et al. 1998), roughly 90% of all detected features are confidently as-
signed towards K6, L, and K4. Of the 496 features detected towards
K6 (excluding contamination from the LMH and “h”), 89% are
confidently assigned, while tentative assignments, U-lines, and U?-
lines compose 2, 7, and 2% of the detected features, respectively.
Towards K6, three of the U-lines are observed at two velocity com-
ponents, with velocities consistent with the 64 and 82 km s−1 com-
ponents characterised in §3.2. An additional 23 lines are observed
in absorption at a single velocity component, and 4 are observed in
emission. The fraction of U-lines in emission is thus∼12%, signif-
icantly larger than the 1% and 2.5% observed for firmly assigned
molecular lines (excluding the methanol masing transitions) in the
low and high velocity gas, respectively.
Towards L, 93% of the 273 detected features (excluding con-
tamination) are firmly identified. Tentative assignments, U-lines,
and U?-lines compose 2.6, 1.1, and 3.7% of the transitions, respec-
tively. Only three U-lines are reported towards L, and all are in
absorption. Two of the three U-lines in L are detected in absorption
towards K6, and the third does not meet the detection threshold in
K6, but a clear absorption feature is present towards K6. Exclud-
ing recombination lines and U?-lines, all detected molecular lines
are in absorption towards L. Neither strong maser transitions nor
weakly masing transitions are detected towards L.
Of the 192 lines detected towards K4, 90% are firmly identi-
fied; tentative assignments, U-lines, and U?-lines compose 1.6, 2.6,
and 5.8% respectively. Weak masing constitutes 3 and 2% of the
firmly detected molecular lines in the low and high velocity gas,
respectively, in K4, and one of the five U-lines observed towards
K4 appears in emission. Two of the absorbing U-lines detected in
K4 are also detected in K6, but K4 and L have no U-lines in com-
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mon with one another. It is possible that the U-line observed in
emission towards K4 is produced by H2CS at the same velocity as
the methanol masers towards K4.
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Figure 17. A segment of the spectrum towards K4 illustrates the marking conventions used in this appendix. The t-CH3CH2OH transition is firmly detected at
82 km s−1, indicated by the solid line pointer. No emission or absorption is detected at 62 km s−1, although this component is typically the most prominent.
The dotted line marks 62 km s−1 , at which we surprisingly detect no line radiation. Additionally, a 2 km s−1 component is tentatively detected, producing
a dashed pointer. The transitions of SO and NH3 each have three firmly identified velocity components marked by pointers at 82, 62, and 2 km s−1. The
position of CH3OCH3 at 62 km s−1is marked by the single pointer at 62 km s−1. Pointers for recombination lines are at 65 km s−1.
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Figure 18. Spectrum Towards K6.
c© 2015 RAS, MNRAS 000, 1–30
A 7 mm line survey of Sgr B2 39
Figure 19. Spectrum Towards K6.
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Figure 20. Spectrum Towards K6.
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Figure 21. Spectrum Towards K6.
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Figure 22. Spectrum Towards K6.
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Figure 23. Spectrum Towards K6.
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Figure 24. Spectrum Towards K6.
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Figure 25. Spectrum Towards K6.
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Figure 26. Spectrum Towards K6.
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Figure 27. Spectrum Towards K6.
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Figure 28. Spectrum Towards L.
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Figure 29. Spectrum Towards L.
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Figure 30. Spectrum Towards L.
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Figure 31. Spectrum Towards L.
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Figure 32. Spectrum Towards L.
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Figure 33. Spectrum Towards L.
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Figure 34. Spectrum Towards L.
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Figure 35. Spectrum Towards L.
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Figure 36. Spectrum Towards L.
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Figure 37. Spectrum Towards L.
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Figure 38. Spectrum Towards K4.
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Figure 39. Spectrum Towards K4.
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Figure 40. Spectrum Towards K4.
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Figure 41. Spectrum Towards K4.
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Figure 42. Spectrum Towards K4.
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Figure 43. Spectrum Towards K4.
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Figure 44. Spectrum Towards K4.
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Figure 45. Spectrum Towards K4.
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APPENDIX C
LINE IDENTIFICATION AND GAUSSIAN FIT TABLES
Line identifications and Gaussian fit parameters, including veloc-
ity center, height, width, and integrated flux towards K6, L, and
K4 are provided. The following conventions are used in all tables.
Tentative identifications are noted with a ‘?’, as are unidentified
lines (U-lines) suspected to be artifacts. Strong masing transitions
are marked with ‘Maser’, blended lines are marked with ‘B’, and
line fits that have been adjusted from the output of the line fitter are
marked with ‘Adj’. In cases where the line-fitter determined a 1-
component fit that we suspect to be a 2-component transition with
insufficient signal-to-noise to be identified as such by the fitter, the
species is marked with ‘BC’. Footnotes, linked from the velocity
column, provide notes on any other notable aspects of lines.
We have applied the following rules to assigning the rest fre-
quencies and velocities to U-lines. U-lines detected towards K6 are
treated as follows:
(i) 1-component transitions detected towards K6 are assumed to
be at a velocity of 64.0 km s−1.
(ii) For 2-component transitions, we assume that the lower ve-
locity component is at 64.0 km s−1.
U-lines detected towards L and K4 are treated as follows:
(i) If the U-line is detected towards K6, we use the rest fre-
quency determined above.
(ii) If the U-line is not detected towards K6, we assume the
velocity of the low velocity gas component, namely 56 and
62 km s−1 for L and K4 respectively.
For cases in which a transition has blended spectral structure
(such as blended transitions of A- and E-states), the listed transition
indicates what components are expected to be blended, with the
first listed component corresponding to the transition rest frequency
in the first column.
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Table 9: Line identifications and fit parameters towards K6.
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
29853.31 U —— 64.0 0.20 19.7 4.3
29901.40 CH3OCH3 110-101EE/AA/AE/EA 64.2 -0.64 20.2 -13.9
29914.49 NH3 (11,11) 83.4 -2.51 12.5 -29.5
64.6 -4.96 15.9 -83.5
11.3 -0.52 18.6 -11.4
29956.11 U —— 64.0 -0.23 20.1 -4.9
29971.48 Hydrogen H(75)β 84.6 1.20 26.2 33.6
61.8 1.82 32.3 62.7
29979.38 t-CH3CH2OH 312-303 [1]81.2 0.41 12.5 5.5
62.0 -0.29 11.5 -3.6
30001.55 SO 10-01 84.4 -11.73 13.5 -150.3
64.2 -27.56 15.4 -451.7
8.9 -1.25 21.2 -30.5
-32.4 -0.27 22.9 -6.5
-106.3 -0.54 10.9 -6.3
30180.60 NaCN/NaNCBC 212-111 74.4 -0.19 20.4 -4.2
30239.76 U —— 64.0 -0.22 16.1 -3.8
30256.04 U —— 64.0 -0.17 28.6 -5.1
30500.20 Hydrogen H(85)γ 72.9 0.90 37.3 35.6
51.1 0.38 18.6 7.5
30513.96 Hydrogen H(106)ζ 79.1 0.29 46.4 14.4
30707.38 Hydrogen H(93)δ 74.3 0.43 49.7 22.7
30722.67 U? —— 64.0 0.22 90.9 21.3
31002.30 CH3CH2CHO 321-212 65.9 -0.25 33.6 -8.9
31106.15 CH3OCH3 211-202EE/AA/AE/EA 65.1 -1.06 23.2 -26.1
31186.68 Hydrogen H(74)β 66.8 2.23 39.9 102.6
31199.39 Helium He(74)β 73.5 0.22 36.9 8.7
31223.31 Hydrogen H(59)α 78.3 7.51 29.2 233.7
55.7 5.95 23.1 146.5
31236.04 Helium He(59)α 89.7 0.32 16.6 5.7
65.3 0.71 34.8 26.2
31262.33 NaCN/NaNC 202-101 62.0 -0.66 15.8 -11.1
31424.94 NH3 (12,12) 84.5 -2.50 13.3 -35.5
65.2 -7.30 19.4 -150.5
8.2 -0.56 25.6 -15.4
31482.38 Hydrogen H(99) 75.6 0.31 45.0 14.8
31583.40 Hydrogen H(84)γ 77.7 0.84 33.4 30.0
51.2 0.49 23.6 12.2
31698.47 Hydrogen H(92)δ 68.7 0.28 33.6 10.1
31727.07 cis-CH2OHCHO 523-514 77.6 -0.25 13.7 -3.6
60.9 -0.26 11.7 -3.2
31833.03 cis-CH2OHCHO 624-615 61.2 -0.22 20.1 -4.8
31911.20 CH3CH2CHO 321-220 65.4 -0.27 10.0 -2.9
31951.78 HC5N 12-11 84.8 -0.34 8.6 -3.1
64.2 -1.78 12.6 -23.9
32373.67 NaCN/NaNC 211-110 62.8 -0.29 28.1 -8.6
32398.56 13CH3OHMaser 4−1,4-303 82.3 0.93 12.6 12.5
62.8 0.40 10.7 4.6
32432.32 Hydrogen H(98) 74.0 0.26 44.3 12.1
32468.48 Hydrogen H(73)β 78.2 1.92 32.8 66.8
55.1 1.36 23.8 34.4
32627.30 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1f 63.7 -0.50 17.2 -9.2
14.5 -0.16 12.0 -2.1
[2]-2.5 -0.31 18.8 -6.1
32640.21 U —— [3]64.0 -0.31 26.2 -8.7
32627.30 l-C3H J= 32 -
1
2
Ω= 1
2
F=2-1f -108.5 -0.20 21.1 -4.5
32660.65 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1e 62.6 -0.66 11.7 -8.3
32663.38 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=1-0e 61.8 -0.19 10.5 -2.1
32660.65 l-C3HAdj J= 32 -
1
2
Ω= 1
2
F=2-1e 17.4 -0.20 24.8 -5.3
[4]-2.1 -0.33 14.7 -5.2
32672.52 cis-CH2OHCHO 422-413 83.8 -0.42 12.1 -5.4
Continued on next page
c© 2015 RAS, MNRAS 000, 1–30
68 J. Corby et al.
Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
62.3 -0.63 16.0 -10.8
32660.65 l-C3H J= 32 -
1
2
Ω= 1
2
F=2-1e -105.6 -0.20 15.5 -3.3
32709.18 CH3CHO 404-313A 63.8 -0.34 15.3 -5.6
32718.50 Hydrogen H(83)γ 66.7 0.92 45.5 46.0
32732.67 Hydrogen H(91)δ 71.7 0.62 40.6 26.8
32742.82 t-CH3CH2OH 413-404 62.5 -0.56 15.1 -9.0
32852.20 Hydrogen H(58)α 83.7 5.60 27.2 169.2
60.0 8.10 28.0 244.9
32865.58 Helium He(58)α 83.5 0.52 25.5 14.2
60.3 0.65 23.4 16.1
32978.23 CH3OCH3 312-303EE/AA/AE/EA 66.5 -1.41 25.0 -37.5
33051.62 CH3C3N 80-70/81-71 85.6 -0.27 12.8 -3.7
64.7 -0.52 13.6 -7.4
33156.85 NH3 (13,13) 83.1 -1.40 11.7 -17.4
64.7 -3.52 14.7 -54.9
3.8 -0.35 16.2 -6.0
33181.67 Hydrogen H(103)ζ 68.4 0.18 54.8 10.5
33236.47 CH3CHO 404-313E 62.4 -0.43 13.4 -6.2
33345.23 cis-CH2OHCHOBC 725-716 72.5 -0.26 25.9 -7.1
33354.01 cis-CH2OHCHOBC 212-101 68.1 -0.23 37.7 -9.1
33420.88 Hydrogen H(97) 68.2 0.34 49.7 18.2
33455.99 U —— 64.0 -0.21 11.8 -2.6
33562.12 (CH3)2CO? 303-212EE [5]68.3 -0.30 16.0 -5.1
33704.82 CH2NH 111-202 82.1 -5.77 14.5 -89.3
63.2 -8.11 15.9 -137.5
33751.37 CCS 32-21 83.7 -0.87 10.8 -10.0
64.0 -5.79 17.7 -107.5
7.3 -0.41 30.6 -10.7
-34.5 -0.24 15.4 -4.0
-105.7 -0.24 39.5 -10.2
33812.37 Hydrogen H(90)δ 69.8 0.53 46.8 26.5
33821.51 Hydrogen H(72)β 70.3 2.22 46.9 116.9
33908.67 Hydrogen H(82)γ 82.4 0.77 27.4 22.3
59.2 0.84 26.4 23.5
34092.97 (CH3)2CO 313-202EE 62.7 -0.35 13.3 -4.9
34156.88 CH3OCHO 313-212E/A 60.1 -0.67 21.2 -15.2
34225.47 cis-CH2OHCHO 321-312 64.9 -0.26 25.3 -7.1
34285.54 U —— 64.0 -0.34 14.3 -5.2
34351.45 H2CS 101-000 63.8 -2.46 14.7 -38.5
34408.63 HSCN 303-202 62.3 -0.88 13.2 -12.4
34450.03 Hydrogen H(96) 65.7 0.36 67.9 25.7
34596.38 Hydrogen H(57)α 90.0 3.08 18.9 70.3
64.5 8.28 37.5 332.2
34610.48 Helium He(57)α 82.9 0.65 21.7 14.9
61.0 0.68 17.8 12.9
34614.38 HC5N 13-12 62.4 -1.43 13.5 -20.5
34674.19 U —— 64.0 0.23 59.2 14.8
34684.37 CCCSB 6-5 [6]67.8 -0.71 22.4 -16.9
34768.97 t-CH2CHCHO 414-313 83.5 -0.26 9.3 -2.6
65.2 -0.24 9.5 -2.4
34824.07 CH3CH2CN 414-313 64.6 -1.98 12.4 -26.1
34940.09 Hydrogen H(89)δ 66.0 0.42 40.7 18.2
35065.73 CH2NH 303-212 [1]85.7 1.82 13.1 25.3
[1]67.0 2.37 17.0 42.9
35134.30 NH3 (14,14) 83.7 -0.79 9.6 -8.0
65.7 -2.54 16.1 -43.5
35157.27 Hydrogen H(81)γ 83.8 0.64 27.7 18.7
57.3 0.87 27.9 25.7
35250.77 Hydrogen H(71)β 78.2 1.79 35.4 67.5
54.5 1.42 24.1 36.5
35267.41 H13CCCN 4-3 63.4 -2.09 14.4 -32.1
35360.93 c-C3H2 440-431 64.1 -0.91 10.2 -9.8
35468.17 (CH3)2CO? 221-110AA [7]65.8 -0.34 10.2 -3.7
Continued on next page
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
35521.88 Hydrogen H(95) 66.8 0.31 49.1 16.3
35586.91 U? —— 64.0 -0.27 34.5 -10.0
35593.41 CH3OCH3 413-404EE/AA/AE/EA 60.8 -0.98 28.9 -30.3
35722.21 CH3CH2CN 404-303 83.3 -0.55 9.7 -5.7
64.8 -2.49 12.4 -32.7
35733.12 13CH3CN 20-10/21-11 65.4 -0.94 22.6 -22.7
35779.25 Z-CH3CHNH 212-111A 66.6 -0.24 25.3 -6.3
35791.73 CH3CH2CN 423-322 F=4-3 64.9 -0.39 27.4 -11.4
35837.33 CH3CHO 212-110E 64.6 -0.36 13.5 -5.1
35865.83 CH3CH2CNAdj 422-321 F=4-3 85.3 -0.24 14.1 -3.5
63.8 -0.41 15.8 -6.8
35893.63 CH3OCHO? 212-101E [8]61.0 -0.24 20.0 -5.1
35903.32 cis-CH2OHCHOAdj 220-211 85.0 -0.15 16.3 -2.6
60.1 -0.22 25.1 -5.9
35906.98 U —— 64.0 -0.26 13.8 -3.8
36102.22 CH3OCHO 303-202E 62.3 -0.55 12.8 -7.5
36104.79 CH3OCHO 303-202A 62.2 -0.54 10.9 -6.2
36118.53 Hydrogen H(88)δ 86.4 0.40 37.5 16.0
55.1 0.47 24.9 12.5
36169.29 CH3OHMaser,Adj 4−1,4-303 82.9 182.10 9.2 1614.3
1.5 0.33 17.9 6.6
36202.04 SO 23-22 [9]64.9 0.37 10.1 3.9
36237.99 HC13CCN 4-3 81.4 -0.63 10.5 -7.0
[10]63.3 -2.95 11.9 -37.4
36241.44 HCC13CN 4-3 64.0 -1.99 18.0 -38.1
36299.95 H2COH+ 111-202 80.4 -0.37 11.4 -4.5
62.8 -0.56 12.6 -7.5
36309.63 SiS 2-1 62.9 -1.00 12.9 -13.8
36392.32 HC3N 4-3 82.5 -9.27 11.3 -102.3
62.8 -21.17 16.4 -370.7
3.6 -0.89 13.9 -20.8
-107.2 -0.34 8.0 -3.0
36417.24 t-CH3CH2OH 514-505 80.1 -0.31 11.0 -3.7
62.0 -0.34 11.8 -4.3
36466.26 Hydrogen H(56)αB [11]87.3 5.15 20.1 115.2
[11]60.2 8.66 34.5 317.6
36481.12 Helium He(56)α 84.7 0.54 27.1 15.6
63.9 0.48 9.6 4.9
36488.81 OCS 3-2 [12]62.8 -1.40 11.5 -17.1
36492.76 U —— 64.0 -0.33 19.0 -6.7
36638.68 Hydrogen H(94) 73.6 0.26 42.2 11.9
36657.47 CH3OCHO 322-221A 65.9 -0.27 12.4 -3.6
36739.67 CH3CH2CN 413-312 82.0 -0.41 10.7 -4.7
62.6 -2.11 11.6 -26.0
36761.72 Hydrogen H(70)β 87.1 1.16 23.4 29.0
59.6 1.89 32.7 65.9
36777.28 CH133 CN 20-10/21-11 76.1 -0.44 30.7 -14.4
64.2 -0.50 17.3 -9.2
36795.47 CH3CN 20-10/21-11 79.3 -8.75 21.4 -199.7
64.1 -18.38 18.2 -355.9
12.4 -0.63 22.9 -43.8
-89.4 -0.28 34.1 -10.3
-103.6 -0.47 14.6 -7.4
36930.70 Z-CH3CHNH 202-101E/A 59.2 -0.59 25.8 -16.3
36939.70 U —— 64.0 -0.30 29.0 -9.4
37018.92 CH2CHCN 414-313 79.7 -0.50 10.9 -5.8
62.8 -1.93 11.5 -23.6
37106.79 U —— 64.0 -0.21 38.3 -8.7
37182.66 CH3C3NB 91-81/90-70 [13]63.4 -0.37 10.8 -4.3
37276.99 HC5N 14-13 83.4 -0.43 12.2 -5.6
63.6 -1.56 10.7 -17.7
37350.57 Hydrogen H(87)δ 82.1 0.42 40.5 17.9
37370.88 U? —— 64.0 -0.29 16.1 -4.9
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
37385.12 NHB3 (15,15)
[14]78.4 -2.33 16.1 -39.8
[14]60.8 -1.61 17.2 -29.4
14.5 -0.41 15.2 -6.6
37464.17 CH3CHO 212-111A 80.8 -2.03 10.1 -20.9
63.3 -4.84 12.8 -64.4
37476.99 U —— [15]64.0 -0.29 9.9 -3.0
37686.87 CH3CHO 212-111E 80.4 -1.53 11.8 -19.2
62.6 -4.47 12.7 -58.4
37703.70 CH3OH 7−2,6-8−1,8 83.4 -1.34 10.8 -15.5
62.8 -0.96 12.1 -12.4
37802.79 Hydrogen H(93) 75.2 0.33 42.7 15.2
37844.59 Hydrogen H(79)γ 87.6 0.64 19.6 13.4
61.2 0.81 33.6 29.0
37904.85 CH2CHCN 404-303 81.0 -1.00 11.7 -12.4
63.2 -3.64 11.9 -44.0
38241.47 Na37Cl? 3-2 64.1 -0.27 10.2 -3.0
38271.02 E-HNCHCN 404-303 63.0 -0.51 9.7 -5.3
38360.27 Hydrogen H(69)β 87.4 1.26 20.2 27.0
60.0 2.04 34.9 75.8
38439.65 U —— 64.0 -0.29 12.6 -3.9
38445.25 U —— 64.0 -0.27 10.4 -3.0
38473.36 Hydrogen H(55)α 88.7 4.26 19.6 91.7
62.6 7.63 34.6 281.1
38489.04 Helium He(55)α 88.8 0.38 14.4 5.8
58.0 0.62 28.0 18.4
38506.04 CH3CHO 202-101E 81.1 -3.27 9.8 -33.6
63.4 -8.42 13.3 -113.7
38512.11 CH3CHO 202-101A 81.1 -2.89 12.5 -38.1
63.1 -9.58 12.6 -125.5
12.5 -0.51 14.6 -13.4
38639.30 Hydrogen H(86)δ 74.4 0.33 44.9 16.0
52.7 0.29 23.1 7.2
38847.73 CH2CHCN 413-312 82.6 -0.57 9.6 -5.8
63.7 -1.86 13.4 -26.5
38908.94 U? —— 64.0 -0.32 9.1 -3.1
38976.13 CH3OCHO 312-211E 64.3 -0.25 14.2 -3.7
38980.81 CH3OCHO 312-211A 63.9 -0.35 13.4 -5.0
39016.76 Hydrogen H(92) 69.6 0.24 54.2 13.6
39047.30 CH3OCH3 514-505EE/AA/AE/EA 69.9 -0.54 27.7 -15.8
39291.42 Hydrogen H(78)γ 69.2 0.55 48.0 27.8
39362.50 CH3CHO 211-110E 81.0 -1.20 8.9 -11.4
63.9 -4.21 12.0 -53.7
39571.33 CCCN N=4-3 J= 9
2
- 7
2
81.1 -0.34 7.7 -2.8
64.1 -0.48 11.1 -5.7
39581.58 c-H2COCH2? 101-000 63.6 -0.57 12.9 -7.9
39590.21 CCCNB N=4-3 J= 7
2
- 5
2
[16]66.0 -0.57 8.2 -5.0
39594.29 CH3CHO 211-110A 81.8 -1.63 13.0 -22.5
63.1 -3.67 11.7 -49.9
39712.47 U —— 64.0 -0.52 13.2 -7.4
39725.38 NH2CN 212-111 64.7 -0.48 21.7 -11.1
39742.55 HCCNC 4-3 62.9 -0.51 8.9 -4.9
39924.77 CH2CN 212-111 67.1 -0.81 13.0 -11.2
39927.87 U —— [17]64.0 -0.84 10.7 -9.6
39941.41 NHB3 (16,16)
[18]79.0 -1.58 11.6 -19.6
64.7 -2.06 10.8 -23.7
39956.70 c-H2C3O 313-212 62.4 -0.75 12.7 -10.2
39988.02 Hydrogen H(85)δ 73.5 0.49 37.6 19.6
40039.02 H2CCO 212-111 63.4 -0.99 12.2 -12.9
40052.88 Hydrogen H(68)β 87.4 1.20 23.0 29.3
60.9 1.94 33.1 68.3
40210.49 CH3NC 21-11 60.6 -1.39 15.9 -23.4
40232.80 CH2CN 202-101 J= 32 -
1
2
[19]62.6 -0.38 29.6 -12.0
F1= 3
2
- 1
2
F= 5
2
- 3
2
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
40239.70 CH2CN 202-101 J= 52 -
3
2
[19]83.3 -1.53 8.2 -12.8
F1= 7
2
- 5
2
F= 7
2
- 5
2
[18]62.8 -4.76 16.7 -81.6
40242.22 CH2CN 202-101 J= 52 -
3
2
[19]63.4 -2.56 9.5 -26.0
F1= 5
2
- 3
2
F= 5
2
- 3
2
40244.34 CH2CN 202-101 J= 52 -
3
2
[19]63.1 -2.16 18.3 -42.0
F1= 5
2
- 3
2
F= 7
2
- 5
2
40247.54 CH2CN 202-101 J= 32 -
1
2
[19]62.2 -3.63 12.5 -48.1
F1= 5
2
- 3
2
F= 5
2
- 3
2
40249.34 CH2CN 202-101 J= 32 -
3
2
[19]60.1 -0.66 9.2 -6.5
F1= 5
2
- 3
2
F= 5
2
- 5
2
40251.86 CH2CN 202-101 J= 32 -
3
2
[19]64.4 -0.64 9.5 -6.5
F1= 5
2
- 3
2
F= 5
2
- 5
2
40253.88 CH2CN 202-101 J= 32 -
1
2
[19]63.9 -0.85 17.1 -15.5
F1= 5
2
- 3
2
F= 3
2
- 3
2
40256.79 CH2CN 202-101 J= 32 -
1
2
[19]62.9 -0.79 17.5 -14.7
F1= 3
2
- 3
2
F= 5
2
- 5
2
40259.84 CH2CN 202-101 J= 32 -
3
2
[19]62.8 -0.48 12.4 -6.4
F1= 3
2
- 5
2
F= 3
2
- 5
2
40352.77 Si18O 1-0 65.1 -0.77 10.6 -8.8
40417.95 H2CCO 202-101 64.7 -0.49 12.8 -6.7
40455.62 H2NCO+? 202-101 F=1-0 84.7 -0.28 20.1 -6.0
59.7 -0.71 8.9 -6.7
40465.01 CCCSBC 7-6 65.3 -0.41 21.1 -9.2
40477.24 U —— 64.0 -0.36 10.5 -4.1
40484.03 U —— 64.0 -0.40 14.3 -6.1
40630.50 Hydrogen H(54)α 81.5 6.30 31.6 211.9
55.4 5.76 23.8 145.9
40647.06 Helium He(54)α 86.6 0.58 20.0 12.4
56.1 0.68 25.7 18.6
40658.60 CH2CN 211-110 J= 52 -
3
2
61.7 -0.94 22.8 -22.9
40793.84 H2CCO 211-110 63.3 -1.16 15.2 -18.8
40812.95 Hydrogen H(77)γ 88.7 0.53 20.7 11.7
57.5 0.85 27.4 24.7
40875.44 NH2CHO 212-111 80.1 -5.32 15.9 -98.4
62.4 -7.41 12.5 -102.1
41313.99 CH3C3N 101-91/100-90 63.8 -0.29 29.2 -9.0
41400.26 Hydrogen H(84)δ 65.2 0.44 40.6 19.2
41846.55 Hydrogen H(67)β 81.4 1.52 33.1 53.7
56.3 1.60 28.4 48.4
41863.60 Helium He(67)β 88.5 0.21 7.6 1.7
63.9 0.20 51.8 11.1
42000.64 Hydrogen H(95)ζ 65.0 0.39 8.2 3.4
42011.43 U —— 64.0 -0.30 8.8 -2.8
42031.94 c-H2C3O 303-202 61.3 -0.39 13.1 -5.5
42035.74 U —— 64.0 -0.24 18.0 -4.6
42081.49 U —— 64.0 0.31 9.9 3.3
42139.19 c-C3H2 541-532 63.3 -0.66 10.0 -7.1
42318.18 NH132 CHO 202-101 63.8 -0.45 10.9 -5.2
42373.34 30SiO 1-0 81.4 -1.96 11.2 -23.4
63.1 -10.02 10.6 -117.5
42386.06 NH2CHO 202-101 80.4 -6.15 13.9 -91.3
62.5 -13.66 12.9 -187.0
6.0 -0.62 14.2 -14.5
42414.09 Hydrogen H(76)γ 85.8 0.58 28.5 17.7
58.9 0.67 26.0 18.6
42602.15 HC5N 16-15 63.3 -0.83 13.4 -11.9
42674.19 HCS+ 1-0 81.8 -0.33 7.4 -2.6
64.4 -4.12 13.2 -57.8
8.4 -0.49 15.8 -8.2
42839.92 NH3 (17,17) 63.5 -1.68 11.5 -20.6
42862.60 U —— 64.0 -0.61 12.0 -7.8
42879.94 29SiO 1-0 82.1 -3.06 9.2 -28.9
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
64.3 -12.73 11.6 -154.9
4.8 -0.61 8.3 -13.5
42951.97 Hydrogen H(53)α 84.2 6.67 28.5 202.1
56.7 7.66 27.8 226.9
42969.47 Helium He(53)α 70.2 0.65 49.2 33.8
43303.71 t-HCOOH 212-111 64.2 -1.67 10.6 -18.8
43423.85 SiOAdj 1-0 83.8 -14.45 9.8 -137.4
62.5 -25.83 26.0 -707.5
15.3 -2.99 11.5 -38.7
3.1 -6.16 10.3 -67.5
-28.4 -1.02 31.0 -33.8
-67.9 -1.03 20.7 -22.8
-99.3 -1.66 17.0 -30.1
-108.1 -1.48 7.9 -12.4
43516.19 CH3CH2CN 515-414 64.4 -1.37 15.2 -22.2
43748.95 Hydrogen H(66)β 86.9 1.38 25.9 38.0
59.1 1.91 34.0 69.2
43901.51 SiN N=1-0 J= 3
2
- 1
2
64.0 -0.64 9.3 -6.3
F = 5
2
- 3
2
43954.45 NH2CHO 211-110 78.3 -4.96 21.0 -110.8
61.7 -7.95 13.4 -113.3
43963.04 HNCOB 202-101 [20]60.0 -0.55 20.2 -11.9
44069.48 CH3OHMaser 707-616++ 83.2 35.09 7.6 244.6
44084.17 H13CCCN 5-4 63.5 -2.18 13.2 -30.5
44100.09 Hydrogen H(75)γ 85.3 1.11 11.3 13.3
64.9 1.25 14.7 19.6
44104.78 c-C3H2 321-312 83.5 -0.80 6.3 -5.3
64.1 -3.89 10.0 -41.3
44338.89 CH3NH2? 10E1+1-00E1+1 81.1 -0.26 21.5 -6.0
62.6 -0.53 8.8 -5.0
44430.71 HydrogenB H(82)δ [21]73.2 0.70 61.6 45.6
44469.22 E-CH3CHNHBC 110-101A [22]74.9 -0.54 9.8 -5.6
44497.60 CC34S 43-32 62.7 -0.49 8.1 -4.2
44587.40 c-H2C3O 312-211 64.0 -0.92 10.6 -10.3
44596.99 CH3CH2CN 505-404 64.5 -2.80 10.8 -32.1
44659.99 Contam —— 64.0 0.24 11.8 3.0
44730.27 Contam —— 71.8 0.55 10.0 5.9
44768.91 Contam —— 69.5 0.71 20.1 15.0
44773.87 Contam —— 62.9 0.94 24.8 24.8
44792.73 Contam —— 64.0 0.20 31.0 6.5
44831.00 Contam —— 70.3 0.21 27.1 6.0
44878.10 Contam —— 72.0 0.66 10.0 7.0
44879.04 Contam —— 64.0 0.28 15.7 4.7
44911.75 t-HCOOH 202-101 81.1 -0.84 10.9 -9.7
63.9 -2.23 11.1 -26.4
44955.78 Contam —— 75.9 0.41 10.1 4.4
64.0 0.54 10.0 5.7
44979.54 l-C3H+ Adj 2−1 80.0 -0.21 15.0 -3.3
64.7 -0.42 15.2 -6.8
-2.4 -0.16 30.5 -5.3
45103.87 c-H13CCCHAdj 211-202 81.0 -0.20 14.4 -3.1
64.0 -0.28 10.8 -3.2
45259.08 NaCN/NaNC 313-212 65.2 -0.32 17.5 -5.9
45264.72 HC5N 17-16 79.2 -0.31 10.7 -3.5
63.0 -0.77 12.4 -10.2
45297.35 HC13CCN 5-4 82.3 -0.70 10.5 -7.8
64.1 -1.64 11.6 -20.2
45301.71 HCC13CN 5-4 81.7 -0.67 12.9 -9.2
62.9 -1.84 11.2 -21.9
45379.03 CCS 43-32 81.2 -1.86 10.1 -19.9
64.2 -6.03 12.4 -77.8
5.2 -0.20 15.9 -3.3
45395.79 CH3OCHOB 414-313E [23]66.4 -0.42 13.6 -6.1
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
45397.38 CH3OCHO 414-313A 63.3 -0.36 10.1 -3.9
45453.72 Hydrogen H(52)α 84.7 3.28 28.3 99.0
64.6 6.79 33.2 240.0
45463.42 13C34S 1-0 63.8 -0.73 12.3 -9.5
45472.24 Helium He(52)α 85.9 0.19 17.1 3.5
66.1 0.55 35.5 20.7
45490.34 HC3N 5-4 81.0 -8.94 12.2 -115.9
63.1 -15.77 14.7 -246.3
45495.97 E-CH3CHNHB 211-202E [24]57.2 -0.60 25.8 -16.5
45490.34 HC3N 5-4 3.4 -0.72 12.1 -12.6
-105.3 -0.38 8.1 -3.3
45547.64 g’Ga-(CH2OH)2 414v=1-313v=0 64.4 -0.21 11.9 -2.7
45566.66 E-CH3CHNH 211-202A 61.8 -0.47 14.2 -7.1
45600.79 Contam —— 61.6 0.59 18.7 11.8
47.2 0.31 10.8 3.6
45644.07 U? 64.0 -0.23 11.3 -2.8
45667.55 Contam —— 73.6 0.47 9.8 5.0
61.1 0.56 15.2 9.0
45768.44 Hydrogen H(65)β 70.5 2.11 40.7 91.5
45778.89 Contam —— 64.0 0.41 19.5 8.5
45787.10 Helium He(65)β 68.5 0.17 37.9 6.7
45842.95 Contam —— 64.0 0.72 15.2 11.7
45876.67 HydrogenB H(74)γ [25]84.7 0.25 16.1 4.4
[25]73.8 0.34 59.4 21.8
45877.81 HSCNB 404-303 62.1 -0.53 7.0 -4.0
45909.51 CH3CH2CNB 514-413 [26]82.9 -0.53 8.1 -4.5
[26]72.9 0.39 7.1 2.9
[26]63.8 -0.58 6.9 -4.3
45921.88 Contam —— 64.0 0.24 22.4 5.8
45935.39 Hydrogen H(87) 71.9 0.34 47.3 17.3
45956.07 Contam —— 64.0 0.21 30.9 6.9
46057.33 Hydrogen H(81)δ 70.1 0.50 42.9 22.6
46112.17 Hydrogen H(92)ζ 79.0 0.19 47.7 9.4
46123.30 NH3 (18,18) 81.2 -0.79 13.6 -11.4
64.1 -1.69 14.2 -25.5
46247.56 13CS 1-0 81.1 -3.54 10.9 -41.1
64.3 -11.24 14.4 -172.0
5.6 -1.48 13.1 -24.2
46266.93 CH2CHCNB 515-414 [27]81.8 -0.79 9.3 -7.8
[27]61.3 -1.03 16.9 -18.6
46247.56 13CS 1−0 -103.2 -0.47 11.8 -5.9
46312.34 U —— 81.3 -0.25 7.8 -2.1
64.0 -0.33 12.8 -4.5
46473.52 U —— 82.5 -0.23 7.8 -1.9
64.0 -0.33 22.0 -7.8
46534.34 U —— 80.8 -0.19 11.7 -2.4
64.0 -0.35 12.8 -4.7
46557.44 Contam —— 64.0 0.18 19.5 3.7
46574.40 Contam —— 64.0 0.23 12.3 3.0
46581.23 t-HCOOH 211-110 81.3 -0.69 8.5 -6.3
64.5 -1.19 11.5 -14.5
46645.05 c-C3H2 550-541 65.9 -0.37 15.9 -6.2
46755.61 c-C3H2 211-202 81.5 -1.11 10.6 -12.6
64.2 -2.79 12.9 -38.3
11.1 -0.18 31.0 -5.9
46832.80 t-CH3CH2OH 404-313 64.7 -0.41 11.7 -5.1
46847.73 NaCN/NaNC 303-202 63.5 -0.49 15.4 -8.0
46905.49 U —— 64.0 0.18 38.1 7.4
46990.54 PN N = 1-0 J=2-1 [28]78.4 -0.64 17.5 -11.8
64.7 -1.21 12.0 -15.5
47064.81 SiC2 202-101 83.6 -0.24 8.6 -2.2
61.6 -0.27 11.8 -3.3
47176.01 E-CH3CHNHAdj 312-303E 80.8 -0.21 8.3 -1.9
Continued on next page
c© 2015 RAS, MNRAS 000, 1–30
74 J. Corby et al.
Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
64.5 -0.35 21.6 -8.1
47195.10 CH3CH2CHO 414-303 63.2 -0.27 8.4 -2.4
47205.21 13CH3OH 101-000++ 61.9 -0.88 16.9 -15.8
47209.55 13CH3OH 101-000 63.9 -0.26 18.6 -5.2
47217.41 g’Ga-(CH2OH)2 404v=1-303v=0 82.2 -0.16 11.7 -2.0
64.2 -0.23 12.1 -3.0
47249.91 E-CH3CHNH 312-303A 82.1 -0.22 10.5 -2.4
63.4 -0.36 23.7 -9.0
47354.65 CH2CHCN 505-404 81.8 -0.98 9.9 -10.3
63.9 -2.19 11.0 -25.6
47373.32 CH3CONH2 423-331E 80.6 -0.21 12.8 -2.9
63.6 -0.33 13.8 -4.8
47419.79 Contam —— 63.9 0.18 24.0 4.7
47444.51 Contam —— 64.0 0.49 23.9 12.5
47511.87 Hydrogen H(86) 66.6 0.28 37.8 11.3
47534.09 CH3OCHO 404-303E 62.8 -0.41 11.1 -4.9
47536.94 CH3OCHO 404-303A 63.2 -0.38 15.4 -6.2
47566.80 C4H N=5-4 J= 112 -
9
2
81.3 -0.26 8.3 -2.3
65.0 -0.51 14.7 -8.0
9.2 -0.17 17.2 -3.1
47582.44 Contam —— 64.0 0.20 7.3 1.6
47601.58 Hydrogen H(91)ζ 78.1 0.26 25.2 7.0
47605.49 C4H N=5-4 J= 92 -
7
2
64.7 -0.42 10.4 -4.7
47674.96 CH3OCH3 111-000EE/AA/AE/EA 61.9 -0.58 13.1 -8.2
47696.89 c-HCC13CH 211-202 65.0 -0.19 19.0 -3.9
47732.32 U —— 64.0 -0.22 6.9 -1.6
47749.98 HydrogenB H(73)γ [29]70.9 0.45 10.0 4.8
59.1 0.70 24.3 18.1
47764.35 Hydrogen H(80)δ 68.6 0.48 48.1 24.6
47820.62 CH3CHO 110-101A 81.3 -0.48 10.7 -5.5
62.4 -0.95 15.7 -15.8
47824.96 E-HNCHCN 505-404 63.7 -0.56 12.8 -7.7
47914.18 Hydrogen H(64)β 68.0 2.27 34.9 92.8
47927.28 HC5NBC 18-17 65.8 -0.34 19.3 -7.0
47933.71 HeliumB He(64)β [30]70.4 0.23 34.2 8.3
48120.99 Contam —— 64.0 0.26 9.6 2.7
48153.60 Hydrogen H(51)α 85.5 3.42 26.0 100.1
64.0 6.29 32.6 218.0
48173.22 Helium He(51)α 70.4 0.53 45.0 25.6
48206.94 C34S 1-0 81.3 -4.63 11.4 -54.1
64.3 -12.98 15.4 -213.2
5.6 -1.99 15.8 -38.1
-23.1 -0.31 10.1 -3.4
-40.4 -1.78 7.0 -13.2
-72.9 -0.84 9.8 -8.8
-86.2 -0.34 10.7 -3.9
-103.4 -0.90 11.4 -10.8
48284.52 H2CO 413-414 81.8 -1.90 9.7 -19.2
63.1 -0.38 13.8 -5.7
48308.75 U —— 64.0 -0.61 6.7 -4.4
48372.46 CH3OH 101-000++ 80.8 -2.20 7.3 -17.1
61.5 -11.79 20.0 -249.5
48376.89 CH3OH 101-000 62.6 -6.59 12.7 -88.8
48372.46 CH3OH 101-000++ 6.0 -0.78 14.6 -16.7
48385.60 CH3NH2? 30E1+1-21E1+1 F=2-1 72.1 0.35 11.0 4.1
48372.46 CH3OH 101-000++ -105.1 -0.81 7.3 -6.3
48548.22 NaCN/NaNCB 312-211 [31]58.3 -0.76 21.2 -17.2
48552.56 CH2CHCN 514-413 62.8 -0.93 11.2 -11.1
48583.29 C33S 1-0 F= 1
2
- 3
2
65.2 -1.46 12.6 -19.6
48585.92 C33S 1-0 F= 5
2
- 3
2
64.3 -2.70 13.6 -39.2
48589.07 C33S 1-0 F= 3
2
- 3
2
64.6 -1.57 12.5 -20.9
48603.47 CH3CHO 211-202E 80.8 -0.50 13.9 -7.4
64.0 -1.04 13.2 -14.7
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
48617.69 Contam —— 64.0 0.38 17.9 7.3
48651.60 Contam —— 69.7 0.72 13.1 10.0
48768.30 CH3OCHO 423-322E/A 66.8 -0.29 22.8 -6.9
48902.83 CH3CHO 211-202A 62.5 -0.89 11.4 -10.8
48990.95 CS 1-0 80.3 -11.93 15.3 -188.6
61.5 -18.43 23.0 -451.1
32.7 -1.54 5.5 -1.9
6.4 -13.54 19.2 -288.5
-21.6 -3.61 10.1 -36.9
-38.3 -11.27 11.6 -144.1
-76.6 -6.29 18.3 -119.6
-94.1 -3.16 6.1 -16.7
-105.3 -8.17 11.0 -94.1
49161.34 HydrogenB H(85) [32]87.8 0.36 68.4 26.2
49396.29 U? —— 64.0 0.31 8.4 2.7
49461.85 Contam —— 69.0 0.23 19.8 4.8
49466.46 CCCN N=5-4 J= 11
2
- 9
2
63.6 -0.48 20.4 -10.5
49485.25 CCCN N=5-4 J= 9
2
- 7
2
62.6 -0.58 24.1 -14.8
49556.79 Hydrogen H(79)δ 76.4 0.50 40.6 21.5
49642.06 U U-49643.86 [33]64.0 -0.42 12.3 -5.6
49726.70 Hydrogen H(72)γ 73.0 0.98 47.6 49.6
49746.08 U? —— 64.0 0.29 7.7 2.3
49748.08 U? —— 64.0 0.23 7.0 1.7
49806.46 U? —— 64.0 -0.24 12.1 -3.1
49839.64 NH3 (19,19) 78.5 -0.38 11.7 -4.7
64.5 -0.67 10.9 -7.8
49962.84 Contam —— 73.8 0.61 9.0 5.8
61.0 0.52 10.8 6.0
50058.80 CH3SH 21+-11+A 65.3 -0.29 16.5 -5.1
50094.90 CH3OCHOB 422-321E 61.0 -0.39 10.2 -4.2
50099.91 CH2CHCN 615-606 78.6 -0.84 11.1 -9.9
64.7 -1.15 15.9 -19.5
50149.90 U? —— 79.1 -0.26 6.6 -1.8
64.0 -0.22 11.0 -2.5
50175.41 CH3CHO 312-303E 82.0 -0.42 11.7 -5.2
62.5 -0.50 20.1 -10.7
[1] Weakly masing.
[2] The line-of-sight absorption of the F=(2-1f) transition is blended with the F=(1-1f) transition and the F=(1-0f) transitions.
[3] This could be l-C3H F=(1-0f) at 10 km s−1or F=(2-1f) at -54 km s−1. The feature is detected towards L and is evident, but not
detected towards K4. If this is a U-line, the line should be shifted to 56 or 76 km s−1 towards L;however it is not significantly shifted.
If the feature is a spiral arm cloud component, we would not expect to see it towards K4 at these velocities, as strong foreground
absorption is only detected towards K4 at ∼2 km s−1.
[4] Blended with the 64 km s−1 component of the F=(1-1) transition.
[5] Tentative because the velocity is unusual for this source.
[6] Blended with CH3OCH3 220-313.
[7] Tentative because the stronger EE transition is not detected.
[8] Tentative because the A-state transition is not detected.
[9] Generally arising from LMH, with some emission in the base of the K5 shell.
[10] The 64 km s−1 component of HC13CCN is blended with the 82 km s−1 component of HCC13CN.
[11] Blended with H(80)γ.
[12] This may be line-of-sight absorption by OCS at ∼35 km s−1.
[13] Blended with CH3OCHO 321-220.
[14] Blended with CH3OCHO 321-221E.
[15] This may be line-of-sight absorption by CH3CHO at -39 km s−1.
[16] Blended with the wing of CH3CHO 211-110E.
[17] Detected in K6, L, and K4.
[18] Blended with HC5N J=(15-14).
[19] Multiple hyperfine components are blended.
[20] Possibly blended with NH2CHO at ∼0 km s−1.
[21] Blended with H(88).
[22] Unusual velocity, perhaps due to poor S:N or baseline issues.
[23] May be blended with line-of-sight absorption of CCS.
[24] Blended with line-of-sight absorption of HC3N.
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Table 9 – Line Identifications and Fit Parameters towards K6
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
[25] Blended with HSCN 404-303 towards K6.
[26] Due to line emission from ‘h’ (at 73 km s−1) and the LMH, the line profile is not representative of the gas kinematics towards K6.
[27] Blended with line-of-sight absorption of 13CS.
[28] Blended with the N=1-0 J=1-1 transition.
[29] Blended with CH3CHO 110-101E.
[30] Blended with HC5N J=(18-17).
[31] Blended with the 82 km s−1 component of CH2CHCN.
[32] Blend of H(85), H(90)ζ, and CH3OCHO 431-303E.
[33] This is at 74.9 km s−1 with respect to a U-line at 49643.86 MHz in the LOVAS catalog.
Table 10: Line identifications and fit parameters towards L.
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
29901.40 CH3OCH3 110-101EE/AA/AE/EA [1]61.2 -0.28 28.7 -8.5
29914.49 NH3 (11,11) 74.0 -1.21 14.9 -19.2
54.9 -1.16 15.3 -19.0
20.2 -0.31 14.5 -4.8
29971.48 Hydrogen H(75)β 76.6 1.42 26.2 39.5
29979.38 t-CH3CH2OH 312-303 59.1 -0.49 15.8 -8.2
30001.55 SO 10-01 73.7 -4.10 17.1 -70.1
56.1 -8.86 14.2 -133.1
16.7 -0.96 26.1 -18.0
-10.4 -0.59 17.4 -10.9
-38.1 -0.40 20.1 -8.7
-75.6 -0.52 11.4 -6.3
-104.3 -0.25 11.8 -3.1
30500.20 Hydrogen H(85)γ 74.6 0.54 29.8 17.0
30586.57 U? —— 56.0 -0.24 11.2 -2.8
30707.38 Hydrogen H(93)δ 77.1 0.36 31.3 11.9
30865.74 U? —— 56.0 -0.23 12.0 -3.0
31106.15 CH3OCH3 211-202EE/AA/AE/EA [1]63.6 -0.46 25.3 -12.3
31186.68 Hydrogen H(74)β 75.6 1.68 27.2 48.7
31223.31 Hydrogen H(59)α 76.3 6.55 26.3 189.8
31236.04 Helium He(59)α 79.1 0.44 22.0 10.3
31262.33 NaCN/NaNC 202-101 57.5 -0.27 40.4 -11.8
31424.94 NH3 (12,12) 76.8 -2.15 13.4 -30.7
57.0 -2.58 14.9 -41.0
19.4 -0.51 13.4 -7.3
31482.38 Hydrogen H(99) 73.5 0.21 37.6 8.6
31583.40 Hydrogen H(84)γ 75.3 0.69 31.2 23.0
31698.47 Hydrogen H(92)δ 75.2 0.29 22.3 6.9
31951.78 HC5N 12-11 73.9 -0.49 10.6 -5.6
56.3 -0.78 14.0 -11.7
32468.48 Hydrogen H(73)β 76.5 1.82 28.3 54.8
32640.21 U —— 59.9 -0.28 33.2 -9.9
32660.65 l-C3H J= 32 -
1
2
Ω= 1
2
F=2-1e 57.0 -0.38 13.3 -5.4
[2]7.7 -0.27 44.1 -12.7
32672.52 cis-CH2OHCHOBC 422-413 63.5 -0.26 28.1 -7.7
32718.50 Hydrogen H(83)γ 75.2 0.83 26.5 23.3
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Table 10 – Line Identifications and Fit Parameters towards L
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
32732.67 Hydrogen H(91)δ 76.1 0.48 24.1 12.3
32742.82 t-CH3CH2OH 413-404 60.2 -0.61 21.9 -14.3
32852.20 Hydrogen H(58)α 75.8 7.08 27.3 214.5
32865.58 Helium He(58)α 74.4 0.63 28.5 19.1
32978.23 CH3OCH3 312-303EE/AA/AE/EA [1]67.0 -0.89 28.8 -27.2
33156.85 NH3 (13,13) 74.9 -0.93 13.9 -13.7
55.6 -1.04 14.3 -15.8
19.8 -0.26 11.7 -3.3
33354.01 cis-CH2OHCHO? 212-101 58.6 -0.27 26.6 -7.8
33420.88 Hydrogen H(97) 68.3 0.22 56.0 13.3
33704.82 CH2NH 111-202 73.8 -1.58 14.4 -24.3
55.9 -0.97 14.0 -14.4
33751.37 CCS 32-21 75.3 -1.55 15.4 -25.4
56.1 -2.26 15.2 -36.7
5.1 -0.29 33.1 -10.2
33812.37 Hydrogen H(90)δ 75.1 0.47 26.2 13.1
33821.51 Hydrogen H(72)β 77.0 1.83 29.1 56.5
33908.67 Hydrogen H(82)γ 76.9 0.91 26.6 25.7
34156.88 CH3OCHO 313-212E/A 56.2 -0.30 34.8 -11.0
34351.45 H2CS 101-000 77.7 -0.35 12.3 -4.6
57.6 -1.10 15.4 -18.0
34408.63 HSCN 303-202 58.2 -0.40 12.9 -5.4
34450.03 Hydrogen H(96) 77.7 0.41 12.8 5.5
34522.90 U? 56.0 0.28 11.2 3.4
34596.38 Hydrogen H(57)α [3]85.2 4.80 17.5 89.5
[3]71.5 6.37 17.9 128.6
34610.48 Helium He(57)α 77.2 0.65 25.9 17.9
34614.38 HC5N 13-12 59.7 -0.70 22.0 -16.4
34684.37 CCCSB 6-5 [4]61.1 -0.39 16.0 -6.7
34824.07 CH3CH2CN 414-313 52.3 -0.34 22.3 -8.2
34940.09 Hydrogen H(89)δ 74.4 0.55 22.3 13.0
35134.30 NH3 (14,14) 76.3 -0.59 9.3 -5.8
54.7 -0.46 13.6 -6.7
35157.27 Hydrogen H(81)γ 75.5 1.00 25.4 27.2
35250.77 Hydrogen H(71)β 76.4 2.18 26.8 62.1
35267.41 H13CCCN 4-3 76.6 -0.69 12.2 -8.9
56.4 -1.06 13.9 -15.7
35521.88 Hydrogen H(95) 73.5 0.33 28.4 9.9
35593.40 CH3OCH3 413-404EE/AA/AE/EA [1]74.9 -0.73 12.9 -10.0
60.8 -0.58 15.7 -9.8
35722.21 CH3CH2CN 404-303 76.9 -0.27 15.4 -4.3
55.1 -0.41 13.8 -6.0
35733.12 13CH3CNAdj 20-10/21-11 77.3 -0.23 11.8 -2.9
55.5 -0.34 24.4 -8.9
36102.22 CH3OCHO 303-202A 55.2 -0.42 12.7 -5.7
36104.79 CH3OCHO 303-202E 58.3 -0.32 11.5 -4.0
36118.53 HydrogenAdj H(88)δ 79.1 0.52 40.6 22.6
36169.29 Contam —— 74.9 -17.01 11.7 -239.9
36237.99 HC13CCN 4-3 75.9 -0.44 15.2 -7.1
[5]52.2 -1.13 20.0 -24.0
36241.48 HCC13CN 4-3 55.9 -1.25 12.7 -16.9
36299.95 H2COH+ 111-202 73.8 -0.31 11.4 -3.7
36309.63 SiS 2-1 58.8 -0.60 16.5 -10.5
36392.32 HC3N 4-3 73.1 -6.73 14.9 -106.6
55.8 -13.17 15.2 -213.7
14.1 -0.67 27.1 -14.5
-6.1 -0.36 9.7 -3.7
36417.24 t-CH3CH2OH 514-505 61.1 -0.40 10.3 -4.3
36466.26 Hydrogen H(56)αB [6]74.3 7.86 28.6 264.2
36467.94 Hydrogen H(80)γ 56.4 0.71 11.2 8.5
36481.12 Helium He(56)α 74.8 0.83 28.0 24.7
36488.81 OCS 3-2 55.8 -0.42 11.3 -5.0
36739.67 CH3CH2CN 413-312 59.5 -0.64 10.8 -7.4
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Table 10 – Line Identifications and Fit Parameters towards L
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
36761.72 Hydrogen H(70)β 76.6 1.98 27.1 57.3
36777.28 CH133 CN
Adj 20-10/21-11 74.1 -0.33 11.2 -3.9
55.7 -0.24 19.2 -4.9
36795.47 CH3CN 20-10/21-11 72.7 -6.05 21.6 -144.7
57.4 -6.31 19.5 -130.7
15.6 -0.55 31.4 -26.4
36930.70 Z-CH3CHNH 202-101E/A 55.9 -0.42 27.5 -12.2
37018.92 CH2CHCN 414-313 77.6 -0.35 9.8 -3.7
58.2 -0.52 14.2 -7.9
37182.66 CH3C3NBC 91-81/90-70 68.8 -0.30 36.7 -11.6
37276.99 HC5N 14-13 57.2 -0.59 14.6 -9.2
37350.57 Hydrogen H(87)δ 72.8 0.53 24.6 13.9
37385.12 NH3 (15, 15) 76.4 -0.99 15.1 -15.9
58.0 -1.33 19.1 -27.0
19.0 -0.36 27.8 -10.8
-11.3 -0.25 41.6 -11.0
37464.17 CH3CHO 212-111A 75.4 -1.31 16.9 -23.6
55.8 -1.62 13.8 -23.7
37665.30 U? —— 56.0 0.41 6.7 2.9
37686.87 CH3CHO 212-111E 76.5 -1.63 11.5 -20.0
57.0 -1.64 14.0 -24.4
37844.59 Hydrogen H(79)γ 74.2 0.90 27.5 26.4
37904.85 CH2CHCN 404-303 75.5 -0.77 13.3 -10.9
57.9 -1.30 15.3 -21.2
38271.02 E-HNCHCN 404-303 73.0 -0.43 9.6 -4.4
54.0 -0.38 12.5 -5.0
38360.27 Hydrogen H(69)β 77.4 2.15 27.0 61.9
38473.36 Hydrogen H(55)α 77.3 7.86 27.2 222.6
38489.04 Helium He(55)α 76.1 0.45 26.3 12.6
38506.04 CH3CHO 202-101E 75.1 -3.39 13.4 -48.3
55.9 -4.12 13.4 -58.6
38512.11 CH3CHO 202-101A 76.6 -2.86 12.7 -38.5
57.5 -4.60 16.0 -78.5
5.4 -0.37 25.5 -9.9
38506.04 CH3CHO? 202-101E -77.0 -0.45 10.1 -4.8
38639.30 Hydrogen H(86)δ 75.0 0.57 30.0 18.3
38847.73 CH2CHCN 413-312 76.7 -0.46 10.9 -5.3
56.6 -0.87 11.6 -10.7
39016.76 Hydrogen H(92) 76.7 0.38 29.6 12.0
39139.14 U? —— 56.0 -0.46 9.6 -4.7
39148.05 U? —— 56.0 -0.48 8.9 -4.5
39291.42 Hydrogen H(78)γ 77.4 0.96 30.9 31.7
39362.50 CH3CHO 211-110E 73.3 -1.51 11.7 -18.9
55.9 -1.84 14.5 -28.3
39527.73 Hydrogen H(97)ζ 76.4 0.47 35.0 17.3
39571.33 CCCN N=4-3 J= 9
2
- 7
2
54.8 -0.48 11.1 -5.6
39594.29 CH3CHO 211-110 A 77.9 -1.40 14.2 -21.3
56.9 -1.52 13.7 -22.2
39847.97 U? —— 56.0 -0.54 9.3 -5.3
39927.87 U —— [7]56.7 -0.61 14.0 -9.1
39939.57 HC5NB,Adj 15-14 [8]71.1 -0.80 11.6 -9.9
39941.41 NHB,Adj3 (16,16)
[9]73.7 -0.51 10.1 -5.5
56.3 -0.54 29.5 -16.9
39956.70 c-H2C3O 313-212 74.3 -0.49 11.0 -5.7
56.8 -0.82 10.6 -9.3
39988.02 Hydrogen H(85)δ 79.0 0.63 31.0 20.7
40052.88 Hydrogen H(68)β 76.6 2.40 26.3 67.3
40211.39 CH3NC 20-10 73.7 -0.49 10.1 -5.3
57.8 -0.59 12.9 -8.2
37.8 -0.57 10.6 -6.5
40239.70 CH2CNB 202-101 J= 52 -
3
2
77.1 -0.72 22.0 -16.9
F1= 7
2
- 5
2
F= 7
2
- 5
2
54.2 -2.70 25.1 -72.2
40242.22 CH2CNB 202-101 J= 52 -
3
2
52.4 -0.77 9.1 -7.5
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Table 10 – Line Identifications and Fit Parameters towards L
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
F1= 5
2
- 3
2
F= 5
2
- 3
2
40244.34 CH2CNB 202-101 J= 52 -
3
2
54.5 -1.13 19.4 -23.3
F1= 5
2
- 3
2
F= 7
2
- 5
2
40247.54 CH2CNB 202-101 J= 32 -
1
2
56.2 -2.05 18.0 -39.2
F1= 5
2
- 3
2
F= 5
2
- 3
2
40250.43 CH2CNB 202-101 J= 32 -
3
2
54.0 -0.75 20.6 -16.4
F1= 3
2
- 1
2
F= 1
2
- 1
2
40253.88 CH2CNB 202-101 J= 32 -
1
2
54.9 -0.67 19.6 -13.9
F1= 5
2
- 3
2
F= 3
2
- 3
2
40256.79 CH2CNB 202-101 J= 32 -
1
2
52.4 -0.61 15.8 -10.3
F1= 3
2
- 3
2
F= 5
2
- 5
2
40283.29 Hydrogen H(91) 74.2 0.64 20.3 13.8
40352.77 Si18O 1-0 55.8 -1.10 12.6 -14.8
40404.39 U? —— 56.0 0.59 8.8 5.6
40455.62 H2NCO+? 202-101 F=1-0 71.8 -0.43 22.8 -10.4
40630.50 Hydrogen H(54)α 76.6 8.65 26.4 242.5
40647.06 Helium He(54)α 75.8 0.92 19.6 19.2
40658.60 CH2CN? 211-110 J= 52 -
3
2
80.3 -0.43 15.6 -7.2
55.9 -0.79 28.8 -24.4
40793.84 H2CCO 211-110 59.5 -0.62 11.8 -7.8
40812.95 Hydrogen H(77)γ [3]87.7 0.98 12.5 13.0
68.9 1.12 16.6 19.9
40875.44 NH2CHO 212-111 74.6 -2.96 15.5 -48.7
56.0 -3.11 15.1 -49.9
41400.26 Hydrogen H(84)δ 75.9 0.84 25.9 23.3
41605.24 Hydrogen H(90) 80.2 0.56 23.2 13.8
41846.55 HydrogenAdj H(67)β 75.8 2.52 26.0 69.6
42031.94 c-H2C3O 303-202 60.8 -0.49 9.4 -5.0
42373.34 30SiO 1-0 76.2 -3.02 10.6 -34.1
54.9 -4.35 19.0 -88.2
42386.06 NH2CHO 202-101 72.8 -4.58 15.8 -77.2
57.7 -7.60 15.6 -126.1
42414.09 Hydrogen H(76)γ 74.4 1.09 31.6 36.8
42602.15 HC5NBC 16-15 64.5 -0.50 21.1 -11.3
42674.19 HCS+ 1-0 74.8 -0.90 9.5 -9.1
56.4 -1.39 15.6 -23.0
42839.92 NH3 (17,17) 75.6 -0.96 15.6 -15.9
52.8 -0.75 10.9 -8.7
42879.94 29SiO 1-0 73.6 -3.84 11.9 -48.5
55.2 -8.43 13.0 -117.0
17.9 -0.91 10.5 -10.2
-74.5 -0.85 9.3 -8.4
42951.97 Hydrogen H(53)α 76.2 10.21 26.9 292.0
42969.47 Helium He(53)α 75.6 1.11 25.3 29.9
43026.60 t-CH3CH2OH 111-000 56.4 -0.71 9.0 -6.9
43303.71 t-HCOOH BC 212-111 65.1 -0.62 26.0 -17.2
43423.85 SiO 1-0 73.0 -13.30 19.9 -272.2
53.9 -16.94 14.5 -261.5
33.5 -3.74 9.2 -32.4
18.9 -7.45 12.6 -100.0
-4.4 -2.63 19.9 -55.6
-31.6 -1.17 26.3 -32.8
-75.1 -4.24 11.3 -51.0
-104.8 -0.63 20.4 -21.5
43748.95 Hydrogen H(66)β 75.5 2.68 28.6 81.6
43954.45 NH2CHO 211-110 72.4 -3.05 17.0 -55.2
55.7 -3.31 15.3 -53.9
44084.17 H13CCCN 5-4 73.5 -0.80 11.6 -9.9
57.1 -1.15 9.4 -11.5
44100.09 Hydrogen H(75)γ 78.0 1.26 27.0 36.3
44104.78 c-C3H2 B 321-312 [10]71.7 -1.40 10.9 -16.2
57.2 -0.84 10.1 -9.1
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Table 10 – Line Identifications and Fit Parameters towards L
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
44430.71 HydrogenB H(82)δ [11]74.9 0.56 50.3 30.2
44497.60 CC34S 43-32 54.9 -0.75 10.4 -8.3
44587.40 c-H2C3OBC 312-211 66.8 -0.64 23.0 -15.8
44911.75 t-HCOOH 202-101 75.0 -0.41 10.9 -4.8
55.7 -0.46 8.8 -4.3
45264.72 HC5N? 17-16 78.1 -0.40 13.0 -5.5
45297.35 HC13CCN 5-4 74.4 -0.55 18.4 -10.8
[5]50.8 -0.64 17.8 -12.2
45301.71 HCC13CN 5-4 53.3 -0.40 19.4 -8.2
45323.48 U? 56.0 -0.19 26.4 -5.5
45379.03 CCS 43-32 76.1 -1.06 9.1 -10.3
54.7 -1.26 11.7 -15.6
45395.79 CH3OCHO? 414-313E 74.5 -0.32 10.2 -3.5
56.2 -0.37 16.3 -6.4
45397.38 CH3OCHO 414-313A 54.4 -0.22 10.3 -2.4
45453.72 Hydrogen H(52)α 76.9 3.57 21.2 80.4
45490.34 HC3N 5-4 78.6 -2.08 9.1 -20.1
53.3 -4.88 11.3 -58.7
16.7 -0.46 16.5 -8.0
45768.44 Hydrogen H(65)β 77.9 0.92 22.6 22.2
45843.57 Contam —— [12]62.4 -0.33 12.0 -4.3
45909.51 CH3CH2CNBC 514-413 62.5 -0.34 28.3 -10.1
46123.30 NHBC3 (18,18) 65.0 -0.31 33.8 -11.0
46247.56 13CS 1-0 79.6 -0.47 5.7 -2.8
54.9 -2.66 10.7 -30.2
46266.93 CH2CHCN 515-414 76.0 -0.46 9.1 -4.4
56.2 -0.32 12.5 -4.2
46755.61 c-C3H2 211-202 76.7 -0.55 9.5 -5.6
55.0 -0.52 13.0 -7.1
47064.83 SiC2 202-101 53.7 -0.33 7.6 -2.7
47205.21 13CH3OH 101-000++ 51.2 -0.45 9.7 -4.6
47354.65 CH2CHCN 505-404 75.9 -0.65 10.6 -7.3
60.3 -0.51 18.2 -9.8
47764.35 Hydrogen H(80)δ 84.7 0.19 39.0 7.7
47820.62 CH3CHO 110-101A 73.2 -0.32 10.2 -3.5
52.7 -0.31 15.3 -5.1
47914.18 Hydrogen H(64)β 78.0 0.86 16.9 15.5
48153.60 Hydrogen H(51)α 88.9 1.12 16.3 19.5
75.0 3.25 20.1 69.5
48173.22 Helium He(51)α 75.5 0.42 12.4 5.5
48206.94 C34S 1-0 79.0 -0.91 6.1 -5.9
55.8 -3.30 12.6 -44.3
29.8 -0.20 5.3 -1.1
2.6 -0.55 16.8 -9.8
48372.46 CH3OH 101-000++ 79.7 -2.01 9.9 -23.6
50.4 -4.18 12.7 -58.0
48376.89 CH3OH 101-000 56.2 -1.35 17.6 -25.4
48990.95 CS 1-0 [13]82.7 -0.73 5.3 -4.1
[13]67.0 -2.63 8.7 -28.7
53.8 -4.91 11.7 -60.7
22.6 -2.16 22.6 -51.9
-2.8 -3.04 18.3 -59.2
-35.5 -2.18 20.1 -46.7
-75.8 -1.90 9.8 -19.8
-106.5 -0.96 8.1 -8.3
49671.55 U? —— 56.0 0.55 10.4 6.1
49726.70 Hydrogen H(72)γ 77.5 0.49 13.0 6.7
49962.84 NH2D 2120s-2020a 73.5 -0.58 8.1 -4.9
[1] Transitions of CH3OCH3 towards L are more kinematically consistent with being the AA transition than the EE transition, although
the EE transition has a higher quantum line strength. Towards K6 and K4, the EE transitions are more kinematically consistent.
[2] Blended with the F=(1-1) transition.
[3] One of only two recombination line fit with two components towards this source. Possible blending.
[4] Blended with CH3OCH3 220-313EE & AA.
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Table 10 – Line Identifications and Fit Parameters towards L
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
[5] The 56 km s−1 component of HC13CCN is blended with the 76 km s−1 component of HCC13CN.
[6] Blended with H(80)γ.
[7] Detected in K6, L, and K4.
[8] Blended with NH3 (16, 16).
[9] Blended with HC5N J=(15-14).
[10] Blended with H(75)γ.
[11] Blended with H(88).
[12] This corresponds to the 936-102,8 line produced by CH3OH in the hot cores. The beam pattern falls near L.
[13] The profile of CS is atypical of line profiles towards L. Instead of absorbing components at 56 and 76 km s−1, we observe strong
absorption at 56 km s−1, fairly strong absorption at 67 km s−1, and a weak absorption component at 82 km s−1. The 76 km s−1
component does not appear in absorption.
Table 11: Line identifications and fit parameters towards K4.
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
29901.40 CH3OCH3 110-101EE/AA/EA/AE 62.4 -0.24 22.7 -5.8
29914.49 NH3 (11,11) 82.9 -1.64 15.9 -27.8
63.3 -2.49 20.2 -53.4
0.1 -0.54 17.5 -10.1
29971.48 Hydrogen H(75)β 67.9 0.87 30.2 27.8
29979.38 t-CH3CH2OH 312-303 [1]83.0 0.24 11.9 3.0
4.7 -0.25 12.2 -3.2
30001.55 SO 10-01 83.3 -7.41 15.8 -115.6
63.7 -9.84 15.6 -163.9
3.0 -0.89 17.5 -16.6
30500.20 Hydrogen H(85)γ 66.2 0.28 35.4 10.4
30707.38 Hydrogen H(93)δ 56.3 0.31 52.9 17.3
31102.23 U —— 62.0 -0.21 16.6 -3.7
31106.15 CH3OCH3 211-202EE/AA/EA/AE 65.6 -0.44 20.9 -9.8
31186.68 Hydrogen H(74)β 68.3 0.78 37.0 30.7
31223.31 Hydrogen H(59)α 104.8 0.42 17.5 7.9
72.9 2.95 27.6 86.9
54.7 1.60 16.5 28.1
31236.04 Helium He(59)α 68.6 0.21 34.3 7.5
31262.33 NaCN/NaNCBC 202-101 70.1 -0.23 33.0 -8.0
31424.94 NH3 (12,12) 82.4 -2.57 16.8 -45.9
62.1 -3.74 17.8 -70.9
0.6 -0.80 15.5 -13.2
31583.40 Hydrogen H(84)γ 74.8 0.23 62.4 15.2
31727.07 cis-CH2OHCHO 523-514 [2]57.0 -0.21 13.3 -3.0
31833.03 cis-CH2OHCHO 624-615 [2]57.0 -0.27 15.5 -4.4
31914.62 H2COH+ 303-212 [1]60.0 0.25 17.9 4.7
31951.78 HC5N 12-11 83.3 -0.20 11.1 -2.3
64.0 -0.35 12.6 -4.7
32373.67 NaCN/NaNC? 211-110 83.3 -0.21 20.0 -4.5
32398.56 13CH3OHMaser 4−1,4-303 58.0 0.82 17.9 15.6
32468.48 Hydrogen H(73)β 65.6 0.62 37.5 24.9
32660.65 l-C3H J= 32 -
1
2
Ω= 1
2
F=2-1e 66.9 -0.22 16.4 -3.8
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Table 11 – Line Identifications and Fit Parameters towards K4
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
32672.52 cis-CH2OHCHO 422-413 65.9 -0.19 25.5 -5.1
32709.18 CH3CHO 404-313A 58.7 -0.17 20.4 -3.7
32718.50 Hydrogen H(83)γ 66.4 0.22 28.1 6.5
32742.82 t-CH3CH2OH? 413-404 2.0 -0.33 11.1 -3.9
32852.20 Hydrogen H(58)α 104.5 0.39 17.7 7.3
70.3 2.42 33.1 85.5
59.1 1.44 14.3 22.1
32865.58 Helium He(58)α 66.7 0.29 25.8 7.9
32978.23 CH3OCH3 312-303EE/AA/AE/EA 63.6 -0.42 24.3 -10.8
33156.85 NH3 (13,13) 82.0 -1.16 15.9 -19.8
62.5 -1.34 18.5 -26.5
3.3 -0.22 34.5 -8.2
33334.34 U? —— [3]62.0 0.23 8.1 1.9
33704.82 CH2NH 111-202 79.0 -1.50 16.3 -26.1
58.9 -3.98 17.4 -73.7
33751.37 CCS 32-21 84.3 -1.09 14.8 -17.2
65.1 -1.06 14.9 -16.8
33821.51 Hydrogen H(72)β 66.1 0.65 25.7 17.6
33908.67 Hydrogen H(82)γ 68.5 0.26 35.8 9.7
34351.45 H2CS 101-000 82.2 -0.21 21.0 -4.7
65.6 -0.23 9.3 -2.3
34352.53 U? —— [4]62.0 0.23 8.7 2.1
34596.38 HydrogenAdj H(57)α 89.4 0.73 28.9 22.4
67.6 2.04 13.3 28.9
55.0 1.20 28.9 36.9
34614.38 HC5N 13-12 62.4 -0.34 13.7 -5.0
34684.37 CCCSB 6-5 [5]71.9 -0.17 30.4 -5.6
34824.07 CH3CH2CN 414-313 82.5 -0.31 12.1 -4.0
65.1 -0.22 14.7 -3.4
35065.73 CH2NH 303-212 [2]60.4 2.44 17.7 45.9
35134.30 NH3 (14,14) 82.2 -0.88 14.3 -13.3
63.5 -0.92 18.4 -18.0
35157.27 Hydrogen H(81)γ 68.2 0.19 32.5 6.7
35185.80 U? —— 62.0 0.22 7.9 1.8
35250.77 Hydrogen H(71)β 67.1 0.56 37.9 22.5
35267.41 H13CCCN 4-3 85.0 -0.43 12.8 -5.8
64.5 -0.47 13.2 -6.6
2.1 -0.26 9.5 -2.6
35360.93 c-C3H2 440-431 62.7 -0.20 10.4 -2.2
35593.40 CH3OCH3 413-404EE/AA/AE/EA 63.7 -0.34 25.3 -9.1
35722.21 CH3CH2CN 404-303 83.5 -0.55 12.8 -7.5
63.8 -0.30 12.2 -4.0
35733.12 13CH3CNBC 20-10/21-11 80.2 -0.24 34.9 -9.1
35906.98 U —— 60.4 -0.23 29.6 -7.3
36070.55 U? —— 62.0 0.24 10.9 2.8
36169.29 CH3OHMaser 4−1,4-303 58.1 617.11 9.2 5263.7
1.0 1.66 10.9 19.2
36237.95 HC13CCN 4-3 78.5 -0.47 16.3 -8.1
[6]57.3 -0.60 15.1 -9.6
36241.44 HCC13CN 4-3 64.3 -0.54 14.5 -8.3
36299.95 H2COH+ 111-202 60.8 -0.28 19.5 -5.8
36309.63 SiS 2-1 62.1 -0.26 12.6 -3.5
36392.32 HC3N 4-3 83.2 -6.22 12.2 -81.1
64.3 -5.02 13.5 -72.2
1.1 -2.33 11.7 -31.9
36466.26 Hydrogen H(56)αB [7]101.3 0.34 30.2 11.1
65.4 2.60 32.6 94.6
36739.67 CH3CH2CN 413-312 80.3 -0.33 17.8 -6.3
60.9 -0.46 10.8 -5.3
36761.72 Hydrogen H(70)β 61.1 0.41 36.4 16.1
36777.28 CH133 CN 20-10/21-11 77.7 -0.25 29.5 -7.7
57.6 -0.17 8.0 -1.4
36795.47 CH3CN 20-10/21-11 84.4 -4.02 22.4 -95.8
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Table 11 – Line Identifications and Fit Parameters towards K4
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
64.3 -3.94 14.2 -59.5
4.0 -1.57 18.4 -40.4
36930.70 Z-CH3CHNH 202-101E/A 67.2 -0.32 14.5 -5.0
37018.92 CH2CHCN 414-313 80.0 -0.30 14.2 -4.5
61.1 -0.47 13.7 -6.9
37182.66 CH3C3N? 91-81/90-70 72.5 -0.24 10.6 -2.7
37276.99 HC5N 14-13 62.4 -0.31 10.8 -3.5
37350.57 Hydrogen H(87)δ 69.0 0.24 11.9 3.1
37385.12 NH3 (15, 15) 82.7 -1.20 16.8 -21.5
64.8 -0.86 23.2 -21.3
-0.1 -0.34 19.9 -7.3
37464.17 CH3CHO 212-111A 78.7 -0.75 15.3 -12.2
60.0 -1.05 14.2 -15.8
0.4 -0.39 13.5 -5.5
37536.85 U? 62.0 0.24 15.5 4.0
37686.87 CH3CHO 212-111E 80.6 -0.52 12.8 -7.1
61.3 -1.11 13.0 -15.4
37703.70 CH3OH 7−2,6-8−1,8 56.8 -0.70 15.3 -11.4
37904.85 CH2CHCN 404-303 F=4-3 82.5 -0.69 14.2 -10.5
63.0 -0.67 14.0 -9.9
38326.81 U? —— 62.0 -0.28 7.5 -2.2
38360.27 Hydrogen H(69)β 64.7 0.51 36.4 19.9
38473.36 HydrogenAdj H(55)α 93.1 0.56 32.9 19.7
67.8 1.54 16.4 27.0
53.3 1.07 27.9 31.8
38506.04 CH3CHO 202-101E 83.5 -1.31 13.9 -19.3
63.8 -1.55 19.5 -32.1
38512.11 CH3CHO 202-101A 83.8 -1.35 10.8 -15.4
[8]61.5 -1.81 24.8 -47.8
0.7 -0.74 11.3 -8.9
38847.73 CH2CHCN 413-312 83.7 -0.45 15.2 -7.3
61.0 -0.39 15.9 -6.6
39047.30 CH3OCH3 514-505EE/AA/AE/EA 63.8 -0.34 24.9 -9.1
39362.50 CH3CHO 211-110E 80.7 -0.66 13.1 -9.2
60.6 -0.62 13.3 -8.8
39594.29 CH3CHO 211-110A 82.2 -0.63 18.4 -12.4
58.7 -0.52 11.7 -6.5
39924.77 CH2CN 212-111 82.0 -0.32 21.5 -7.3
60.1 -0.58 11.8 -7.2
39927.87 U —— [9]61.7 -0.37 9.5 -3.8
39941.41 NHB3 (16,16)
[10]79.8 -0.72 29.3 -22.5
39956.70 c-H2C3O 313-212 82.3 -0.48 9.4 -4.7
40039.02 H2CCO 212-111 81.3 -0.33 12.3 -4.4
40052.88 Hydrogen H(68)β 64.8 0.66 21.5 15.0
40239.19 CH2CNB 202-101 J= 52 -
3
2
[11]84.5 -0.53 7.9 -4.4
F1= 7
2
- 5
2
F= 5
2
- 3
2
40239.70 CH2CNB 202-101 J= 52 -
3
2
[11]81.2 -1.23 6.5 -8.5
F1= 7
2
- 5
2
F= 7
2
- 5
2
[11]59.2 -1.44 28.7 -43.8
40247.54 CH2CNB 202-101 J= 32 -
1
2
[11]82.5 -0.95 16.1 -16.3
F1= 5
2
- 3
2
F= 5
2
- 3
2
[11]58.7 -0.87 15.7 -14.4
40256.79 CH2CNBC 202-101 J= 32 -
1
2
[11]71.5 -0.30 40.2 -13.0
F1= 3
2
- 3
2
F= 5
2
- 5
2
40347.34 U —— 62.0 0.33 10.6 3.7
40352.77 Si18O 1-0 66.7 -0.34 14.0 -5.0
40577.83 U? —— 62.0 -0.32 13.3 -4.5
40630.50 Hydrogen H(54)α 103.3 0.24 37.2 9.3
72.9 1.47 17.5 27.4
55.7 1.74 12.9 23.8
40658.60 CH2CNBC 211-110 J= 52 -
3
2
[2]71.5 -0.44 28.1 -13.2
40875.44 NH2CHO 212-111 [12]76.6 -1.84 27.3 -53.7
[2]56.0 -1.68 13.4 -24.0
2.8 -0.69 15.1 -11.0
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Table 11 – Line Identifications and Fit Parameters towards K4
Line Rest Species Transition Fit Velocity Height Width
∫
Ivdv
Freq (MHz) ( km s−1) (mJy arcsec−2) ( km s−1) (mJy arcsec−2
× km s−1)
41124.95 t-CH3CH2OH? 615-606 68.6 -0.31 6.8 -2.3
41741.37 U? 62.0 0.29 8.5 2.6
41846.55 Hydrogen H(67)β 65.3 0.46 27.8 13.7
42373.34 30SiOAdj 1-0 81.1 -1.32 13.8 -19.4
63.2 -1.87 18.8 -37.6
42386.06 NH2CHOAdj 202-101 79.1 -2.79 22.5 -68.5
[2]55.3 -2.61 14.6 -40.3
0.6 -2.10 13.2 -27.3
42602.15 HC5NAdj 16-15 80.7 -0.22 7.6 -1.7
65.7 -0.33 10.0 -3.5
42674.19 HCS+ 1-0 82.5 -0.53 9.4 -5.3
42839.92 NH3 (17,17) 78.7 -0.52 17.1 -9.5
60.2 -0.49 12.4 -6.5
42879.94 29SiO 1-0 78.1 -2.62 19.6 -54.6
59.6 -2.78 10.7 -31.8
2.2 -0.93 10.0 -9.9
42951.97 Hydrogen H(53)α 70.6 1.63 15.1 26.2
55.8 1.29 17.7 24.2
43423.85 SiO 1-0 82.9 -6.60 19.8 -139.1
60.3 -3.28 13.5 -47.2
1.5 -5.46 12.8 -87.0
43700.42 U? —— 62.0 0.39 7.7 3.2
43748.95 Hydrogen H(66)β 66.4 0.47 26.7 13.3
43954.45 NH2CHO 211-110 85.3 -1.24 15.4 -20.3
62.2 -2.26 24.8 -59.6
[13]3.8 -0.31 26.2 -8.5
43972.23 U 62.0 -0.39 9.4 -3.9
44069.48 CH3OHMaser,Adj 707-616++ 68.4 12.90 9.7 118.7
56.7 50.24 9.0 462.2
44084.17 H13CCCNAdj 5-4 82.5 -0.54 13.9 -8.0
64.8 -0.31 11.3 -3.8
44104.78 c-C3H2 B 321-312 [14]77.0 -0.46 9.5 -4.7
59.4 -1.34 12.9 -18.4
44195.58 U? —— 62.0 0.42 9.5 4.3
44592.31 U? —— 62.0 -0.36 7.6 -2.9
44596.99 CH3CH2CN 505-404 65.0 -0.49 8.3 -4.3
[1] Weakly masing.
[2] Transition is at an unusual velocity for the source.
[3] A U-line at 33332.3 MHz is reported in the LOVAS catalog.
[4] This may be weak masing by H2CS at ∼55 km s−1. This velocity is similar to that at which the methanol masing transitions emit
towards this source.
[5] Blended with CH3OCH3 220-313AA & EE.
[6] The 62 km s−1 component of HC13CCN is blended with the 82 km s−1 component of HCC13CN.
[7] Blended with H(80)γ.
[8] Blended with foreground absorption by the E-state transition.
[9] Detected in K6, L, and K4.
[10] Blended with HC5N J=(15-14).
[11] Multiple hyperfine components are blended.
[12] This contains a bad spectrometer channel that could interfere with the fit.
[13] Possibly blended with HNCO 202-101.
[14] Blended with H(75)γ.
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